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sterol profiles by affecting the expression or 
activity <rf sterol biosynthetic enzymes. The 
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ceils and plants having altered sterol composi- 
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TOANSGENIC PLANTS WTIH MODIFIED STCROL BIOSYmilEnC PATHWAYS 



FIELD OF TTHF I NVFNTTn v 

The prescm invention broacUy relates to plant genetic engineering. More particularly it 
5 concen. the manipulation of the levels atKl/or activities of endogenous plant phytosten>l 
compositions as a strategy for minimizing crop damage due to plant insects and other 
pests, and/or for improving the nutritional value of plants. 

BACKGR OUND OF TVIE TNVWJ<J] t;\j^ 
10 Proctoctivity in agricul»^ ^ ^ 

«v.om„e„u, i^udtog drouglu, severe cold, weed., and organisms to, feed 

<m crc^s. Convemio,^ approaches for ^evUdng weeds ^ parasitic organisms liave 
rel«d almost exclusively on chemical herbicides, pesticides and fungicides. Widespre«i 
use of these agrochemicals, however, has led «, development of resistance In 6ct 
X5 msect resistance has been reported against most major classes of insecticides including 
organophosphates, chlorinated hydrocarbons, and carbamates. 

Sterols comprise a class of essential nantral compounds required to some extent by all 
e^karyotic organisms. They have a common tetracyclic steroid nucleus and a side 
20 Cham, as shown in the diagram below. Some sterols serve a stmcntral role in ceU 
membranes, while others are required during development. 

Phnu. produce more than 250 different phytosterols (Akisha e. al., 1992). As many as 
60 sterols have been identified in U,e single species, 2ea mays (com) (Guo et al 1995) 

=5 However, i„s«:,s, fungi and nematodes, as well as many other stc^Wess p^itic 
organisms, do no, synthesize all of teir necessary sterols * «,vo. Ratter, fliey satisly 
■heu numtional requirements for sterols by feeding on plants. This fact has been 
"tiltzed m the development of commen:ial agrochemicals such as triazoles, pyrimidines 
and azasterols, which act by interfering with production of sterols within parasitic 

3 0 organisms. 
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Recent advances in molecular biology have made it possible to introduce advantageous 
traits into plants via genedc engineering. Some forms of insect resistance have been 
introduced into plants by genetic approaches. For exan:q)le, transgenic plants expressing 
foreign genes encoding endotoxins of Bacillus thuringiensis (fit) can confer on the plants 
the ability to kill pests which feed on them. Unfortunately, approaches such as this are 
effective only against the particular insects susceptible to the endotoxin. There remains 
in the agricultural industries a continual need for alternative pest control strategies, 
particularly those that could be broadly effective against numerous pests/pathogens. 
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SUMMARY OF THE INVENTIQN 

"The present invention broadly relates to approaches for genetically engineering plants to 
have altered sterol compositions, levels and/or metabolism. Such approaches can 
increase the plants natural insect resistance, can increase the plants resistance to drought 
5 and cold, and/or can in^rovc the nutritional/health value of the plants. 

In accordance with one aspect of the invention, there are provided recombinant DNA 
molecules comprising: 
a promoter which functions in plants to cause the production of an RNA seqiience, 
operably linked to 

10 a DNA coding sequence encoding an enzyme which binds a first sterol and produces a 
second sterol, operably linked to 
a 3' non-translated region which causes the polyadenylation of the 3' end of the RNA 
sequence; wherein the promoter is heterologous with respect to the DNA sequence. 

The DNA coding sequence encoding an enzyme which binds a first sterol and produces 
a second sterol can be in the sense or antisense orientation. Thus, the DNA molecule of 
the invention can encode a non-translatable RNA molecule (e.g., antisense or 
cosuppression) or a protein molecule. The RNA or protein so produced selectively 
targets the expression and/or activity of a sterol biosynthetic enzyme to affect a desired 
change in the phytostcrol profile of the plant. 

Therefore, in accordance with another aspect of the present invention, there is provided 
an approach for modifying the sterol composition of plants to increase their resistance to 
insects, nematodes, and pythiaceous fiingi. This aspect of the invention enhances the 
25 plant's ability to resist pests and disease by modifying the composition and/or 
distribution profile of certain phytosterols. Such an approach overcomes many of the 
limitations inherent in the use of agrochemicals, or with transgenic plants where the 
foreign product introduced into the plant has the potential to eventually select for new 
mechanisms of resistance by the pest. The present invention retains the benefits 
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Obtained through the use of agrochemicals, but avoids many of their disadvantages. By 
targeting an existing essential pathway in pests and pathogens, this invention reduces the 
likelihood of the evohition of mechanisms which circumvent this pathway. 

< 

5 Plant sterol composition is modified in this aspect by increasing the amount of non- 
utilizable sterols such as 4-methyl sterol, 9p,19-cyclopropyl sterol, A^-sterol, A'-sterol. 
14a-methyl sterol, A'^^-24-alkyl sterol, A"<^,24-alkyl sterol or A"<^.24-alkyl sterol. 

Alternatively, sterol compositions can be modified to contain lower levels of sterols 
having a a' group. 

10 

Another aspect of the present invention relates to producing sterols in plants that confer 
resistance to drought and cold in plants. 

Another aspect of the invention relates to altering the sterol profile of plants such that 
15 levels of cholesterol-lowering sterols are increased. 

The aspects of the invention described herein are typically achieved by modifying the 
expression and/or activities of stcrolic enzymes, preferably S-adenosyl-L-raethionine- 
A"-steroI methyl transferases (SMTi and SMTn). demethylase, cycloeucalenol to 
20 obtusifoliol-isomerase, 14a-methyl demethylase, a" to A''-isomcrase, A'-sterol-C-5- 
desaturase, or 24,25-reductase. 

Another aspect of the invention is directed to transgenic plants having altered levels of 
selected sterols, produced by introducing recombinant DNA molecules of the invention 
25 into the genome of plant ceUs and selecting for ccUs expressing said molecule. 
Transgenic plants are regenerated from the transformed plant ceUs and plants containing 
the recombinant DNA are grown to matority. Plants expressing the recombinant DNA 
are identified and those having a desired sterol profile in accordance with the present 
invention are selected and propagated. 

30 
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RRTFff nF.sritTyTTniSf OF THE DRAWINGS 

"The following drawings form part of the present specification and are included to further 
demonstrate certain aspects of the present invention. The invention may be better 
understood by reference to one or more of these drawings in combination with the 
5 detailed description of specific embodiments presented herein. 

Fig. 1 shows HPLC radiocount (panel B) and mass spectrum (panel A) results of testing 
SMT enzyme with radiolabeled substrate co-factor; 

10 Fig. 2 shows six inhibitors used to test the SMT enzyme; 

Fig. 3 shows SMT activity during seedling development; 

Fig. 4 shows the pathway of sterol end-products during development of seedlings; 

15 

Fig. 5 shows the yeast SMT gene sequence (panel B; SEQ ID NO:l) and the deduced 
anuno acid sequence (panel A; SEQ ID NO:2) with the predicted conserved regions 
highlighted; 

20 Fig. 6 shows the Arabidopsis SMT gene (panel B; SEQ ID N0:3) and deduced amino 
acid (panel A; SEQ ID N0:4) sequences; 

Fig. 7 shows the ERG6 constructs prepared with pUClScpexp expression cassette; 

25 Fig. 8 shows sequences of yeast SMT gene (SEQ ID N0:5). Underlined sequences are 
those used as primers for screening genomic DNA from transgenic tomato plants; and 

Fig. 9 shows structures of plant sterols tested on Heliothis zea and found to be utilizable 
or non-utilizable. 
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Figure 10 (SEQ ID N0:6) shows the nucleotide and amino acid sequences of the com 
^MT gene. 

DESCRIPTION OF ILLILSTRATIVE EMBODIMENTS 
PHYTOSTEROLS 

The phytosteroi metabolic pathway consists of enzymes that act on the tetracyclic ring 
nucleus and the side chain. The major pathway in advanced vascular plants starts from 
cycloartenol (I): 




0) 



and ends with A^-24-alkyl sterols, predominantly sitosterol (H), stigmasterol (HI) and 
campcsterol (IV): 
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(ni) 



(IV) 



5 



The number of alternate pathways is sufficiently great to produce as many as 60 or more 
different sterols in a single plant. These alternate pathways vary according to tissue- 
10 and development-specific genetic programs. 

Studies of sterol metabolism have utilized inhibitors of sterol biosynthesis. These 
inhibitors include several commercial fungicides which block sterol metabolic pathways 
in plant pathogenic fungi and thereby inhibit their growth. The following steps of the 
15 major metabolic pathway were determined using metabolic inhibitors. The major 
pathway consists of the 12 chemical transformations as follows. 
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In r^tjpq \, the cn2yme S-adenosyl-L-methionine-sterol-C-24 methyl transferase 
-(SMT,) catalyzes the transfer of a methyl group from a cofactor, S-adenosyl-L- 
methionine, to the C-24 center of the sterol side chain. The circled sterol feature is the 
functional group undergoing transformation. 



This is the first of two methyl transfer reactions, and is an obligatory and rate-limiting 
10 step of the sterol-producing pathway in plants. A different SMT enzyme, SMTn, 
catalyzes the conversion of cycloartenol to a A^^*'-24-alkyI sterol, cyclosadol (Guo ct 
al., 1996). 

RgagtiOP 2 involves a demethylation at C-4. This is the first of several demethylation 
15 reactions in the nucleus. 



5 



HO 




Cycloartenol 



24(28)-Methylenecycloartanol 



HO 




2 



HO 




24(28)-Methylenecycloartanol 



Cycloeucalenol 
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Rg^gtiQfl 3 involves opening the cyclopropyl ring at C-9(10) by the enzyme 
xyclocucalcnol-obtusifoliol isomerase (COI), which also creates a double bond at C-8. 





Cycloeucalenol 



Obtusifoliol 



Reaction 4 involves a demethylation at C-14 which removes the methyl group at C-14 
and creates a double bond at C-14. 





Obtusifoliol 



4a-Methyl-5a-ergosta- 
8,24(28)-trien-P-ol 



Reaction 5 is catalyzed by a a'^ reductase. 





4a-Mcthyl-5a-crgosta- 
8,24(28)-trien^l 



4a-Methyl-5a-ergosta- 
-9- 8,24(28)-dien-(J-ol 
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Heagtioq 6 involves a A*- to A'-isomerase reaction which produces a group. 




4a-MethyI-5a-ergosta- 
8,24(28)-<licn-3p-ol 

24-Methylenelophenol 



Rg^gtiQn 7 is a second C- methylalion of the sterol side chain. The reaction is catalyzed 
by SMT,, the same enzyme that initiated the major pathway. 




24-MethyIenelophenol 24-Ethylidenelophenol 

(citrastadienol) 

Reaction g involves a demethyiase to generate a 4,4-desmethyl sterol. 



HO 




24-Ethylidcnelophcnol 
(citrastadienol) 
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10 The product of reaction 9 is then transformed in reaction 10 by a A^-reductase by 
removing the double bond at C-7. 




Isofiicosterol 

Stigmasta-5,7,24(24') 
trien-3|jHol 

15 

Reactipq 11. involves a A^"^'- to A"^-isomerase which modifies the side chain, at is 
believed that this reaction would have proceeded from the product of reaction 5 if the 
kinetics were more favorable.) 



-11- 



wo 98/45457 



PCT/US97/23495 



HO 




11 




Isofiicosterol 



Stigmasta-5 ,24-dienol 



Reacripq 12: the double bond at C-24 is reduced stereoselectively to produce 

5 sitosterol (II). 



10 In addition to this major pathway of sterol biosynthesis, it has been found that a 
developmental program regulates expression of the SMT enzymes. In com, enzymology 
smdies have shown that two different SMT enzymes exist (SMT, and SMTq) whose 
expression depends on the tissue and stage of differentiation. Blades mainly contain 24- 
cthyl sterols (resulting from the activity of SMTi). whereas the sheaths contain mainly 

15 24-mcthyl sterols (VI) (resulting from the activity of SMTn). These sterols are the 
products of the two different SMT enzymes that react with the same starting material, 
cycloartenol. 

The first enzyme, SMT,, produces A^^'-methylene and the second enzyme produces 
A^*^-methyl sterol (V). The first isoform leads to a utilizable sterol (a sterol which can 



HO 




HO 



Stigmasta-5.24-dicnol 



Sitosterol 
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be utilized by insects, pythiaceous fungi, and nematodes to con^lete tbcir life cycles). 
The second isoform produces a non-utilizable sterol (a sterol which cannot be utilized by 
insects, pythiaceous fungi, and nematodes to complete their life cycles). Therefore, one 
could inhibit expression of the first isoform so as to cause accumulation of the non- 
5 utilizable A^^'-methyl sterols. 



HO 




(V) 



Cyclosadol 15 



As a result, the sterols that accumulate in the tissue contain a double bond at C-23 (VI) 
and a methyl at C-24. 




24-methyl cholesta-5,23-dienol 
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RECOMBINANT DNA MOLECin.RS- 

In order to achieve a desired alteration in sterol con^sition, the invention provides 
recombinant DNA molecules for use in the production of transgenic plants. A 
recombinant DNA molecule of the invention generally comprises a promoter region 
5 capable of causing the production of an RNA sequence in plants, a structural DNA 
sequence, and a 3' non-translated region. 

Transcription of DNA into mRNA is regulated by the region of a gene referred to as the 
"promoter". The promoter region contains a sequence of bases that signals RNA 
10 polymerase to associate with the sense and antisense DNA strands and to use the sense 
strand as a template to make a corresponding strand of mRNA complimentary to the 
sense DNA strand. This process of mRNA production using a DNA template is 
commonly referred to as gene "expression" or "transcription". 

15 In the recombinant DNA molecules of the invention, it is generally preferred that the 
promoter is heterologous with respect to the DNA coding sequence. The term 
"heterologous" with respect to a promoter means that the DNA coding sequence of a 
recombinant DNA molecule of the invention is not derived ftxjra the same gene to which 
the promoter is attached. 

20 

Promoters may be obtained from a variety of sources, such as plants and plant viriises. 
The particular promoters selected for use in embodiments of the present invention 
should preferably be capable of causing the production of sufficient expression to affect 
the desired change in the sterol distribution profile of the plant. 

25 

A number of promoters which are active in plant cells have been described in the 
literature, and are suitable for use in the DNA molecules of this invention. These 
include, for exan^jle, the cauliflower mosaic virus (CaMV) 35S promoter (Odell et al. 
1985), the Figwort mosaic virus (FMV) 35S (Sanger et al. 1990), the sugarcane 
3 0 bacilliform virus promoter (Bouhida et al., 1993), the commelina yellow mottle vinis 
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promoter (Medberry and Olsewski 1993), the light-induciblc promoter from the small 
«ubunit of the ribulosc-l,5-bis-phosphatc carboxylase (ssRUBISCO) (Coruzzi et al., 
1984), the rice cytosolic triosephosphate isomerase (TPI) promoter (Xu et al. 1994), the 
adenine phosphoribosyltransferase (APRT) promoter of Arabidopsis (Moffan et al. 
5 1994). the rice actin 1 gene promoter (Zhong et al. 1996), the mannopine synthase and 
octopine synthase promoters (Ni et al. 1995). All of these promoters have been used to 
create various types of DNA constructs which have been expressed m plants. 

Recombinant DNA molecules also typically contain a 5' non-translated leader sequence. 
10 This sequence can be derived from the promoter selected to e3q)ress the gene, and if 
desired, can be specifically modified so as to increase translation of the mRNA. The 5' 
non-translated regions can also be obtained from viral RNAs, from suitable eukaryotic 
genes, or from synthetic gene sequences. 

15 The strucmral DNA sequence of the recombinant DNA molecule of the invention will 
cause the desired alteration in the sterol profile of the plant, as discussed further below. 

The 3' non-translated region of a recombinant DNA molecule of the invention can be 
obtained fit)m various genes which are expressed in plant cells. For example, the 

20 nopaline synthase 3' untranslated region (Fraley et al. 1983), the 3' untranslated region 
from pea ssRUBISCO (Coruzzi et al. 1994), and the 3' untranslated region from 
soybean 7S seed storage protein gene (Schuler et al. 1982) are frequently used. The 3' 
non-translated region of a recombinant DNA molecules contains a polyadenylation 
signal which functions in plants to cause the addition of adenylate nucleotides to the 3' 

25 endoftheRNA. 

Other desired regulatory sequences known to the skilled individual, or combinations 
thereof, can be included in a recombinant DNA molecule of the invention. For 
exanq)le, intron sequences are frequently included in recombinant DNA molecules used 
30 for producing transgenic plants m order to enhance expression levels. Examples of 
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plant introns suitable for expression in plants can include maize hsp70 iniron. rice actin 
4 mtron, maize ADH 1 iniron, Arabidopsis SSU intron. Arca>idopsis EPSPS intron 
petunia EPSPS intron and others known to those skilled m the art. 

PLANT TRANSFORMATynM and RFr.FNPP ^Tro^T 

A double stranded DNA molecule of the present invention can be inserted into the 
genome of a plant by any suitable method. Numerous plant transformation methods 
have been described, including Agrobacterium-mediated transformation, the use of 
hposomes, electroporation. chemicals that increase free DNA uptake, free DNA 
delivery via microprojectile bombardment, transformation using viruses or pollen, etc. 

After transformation of cells (or protoplasts), choice of methodology for the 
regeneration step is not critical, with suitable protocols being available for hosts from 
Leguminosae (alfelfa, soybean, clover, etc.). Umbelliferae (carrot, celery, parsnip) 
Cruciferae (cabbage, radish, rapeseed. etc.). Cucurbitaceae (melons and cucumber) 
Graminae (wheat, rice, com. etc.). and Solanaceae (potato, tobacco, tomato, peppers)' 
Methods for transformation and regeneration of dicots, primarily by use of 
Agrcbacterium tumefaciens, and obtaining transgenic plants, have been described for 
nmnerous plant species, inchiding cotton (U.S. Patent No. 5,004.863; U.S. Patent No. 
5.159.135; U.S. Patent No. 5.518.908), soybean (U.S. Patent No. 5.569.834; U.S 
Patent No. 5.416.011; Christou et al. (1988)). Brassica (U.S. Patent No. 5 463 174) 
peanut (Cheng et al. (1996); papaya (Yang et al. (1996). and pea (Schroeder et al.' 
(1993); De Kathen and Jacobsen (1990)). and others. 

Transformation of monocots using electroporaUon. particle bombardment and 
Agrobaaenum have also been reported. Transformation and plant regeneration have 
been achieved, for example, in asparagus (Bytebier et. (1987)). barley (Wan and 
l^maux (1994)). maize (Rhodes et al. (1988); Gordon-Kamm et al. (1990); Fromm et 
al. (1990); Koziel et al. (1993); Armstrong et al. (1995)), oat (Somers et al. (1992)) 
orchardgrass (Horn et al. (1988)), rice (Toriyama et al. (1988); Battraw and Hall 
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(1990,; Chnstou « al. (1991),. rye (B^ (1987,). sugar (Bower ^ Birch 
(1^,). Wl ft«:ue (War^ et al. (1992)). and wheat (Va.a et al. (1992); Weeks e, al. 



5 For reviews of plan, Wormation arid/or regeneration me*odologies see. for example 
Ritchie and Hodges (1 993, or Hinchee « al. (1 994). 



A series of phytosterols were tested ta insects and „«ny were fonnd to be unable to 
support it^ct growth, i.e.. were uonHtUHzahle. These sterols included 9 19- 
^yclopropyl sterols. Furd^rmore. novel A»»'- and A^-^S-allcene and i'«"'.aikyl 
sterols were also determined to be unable to support insect growd. and maturadon 
Tl^se were tested A, using HcUoMs ua (a com ,ar^>. cultured on synd^dc 
m«ha that was sterol-frce with ^ exception of added test sterols. It was found .ha. if 
the rato of utilizable to nonutilizable sterols was 1:9 or less, insects could no. undergo 
normal develop; In fia. even a. I ; I ratios, msec, development was adversely affected 



10 



Tie metaboUsm of tasecu.. nemauxfcs and pyOtiaceous fungi is limited by the 
avadabdity of major plant sterols. Tlese pesB cannot use a sterol wid, a medtyl 
20 group; a 9p. 19^clopropyl group, or a group. PurU^ore. nema«xles and insects 
cannot utili« l+<, methyl-sterols. a.^ some insects, including lepidoptera. diptera ^ 

coleopttra, cannot utilize C-24 allcyl sffirols widi 1."^ iPO-i „ fPm ^ , 
... 1 " , ur zi groups for 

"^baimttc reasons. Some inse«s canno. uUlize steols lacking a a' group 
ConsequenUy. elevation of U»se sterols in plants would provide a detrimentid dietary 
2 5 source of sterols for these pests. 

The DNA molecule of the present invention, when expressed in ttansgenic piano will 
cause alterations in the composition/distribution of d,e sterols present in die plant In 
one preferred embodiment. a« DNA molecule causes toe accumulation of sterols dut 
30 are non-utilizable by insects and ottter pests, so as «, increase die plants resisonce u> d>e 
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organisms. This can be acconqjlished, for example, by a number of approaches, 
including overexpression, andsensc, cosiqjpression etc. The DNA molecule of the 
invention will typically target an endogenous gene encoding an enzyme selected from 
the Idnetically favored pathways of sterol biosynthesis. 

5 

In this embodiment, it is preferred that gene expression and/or translation of a sterol 
biosynthetic enzyme is targeted for inhibition. This inhibition can be achieved, for 
example, by engineering a DNA molecule of the invention to produce an antisense, 
ribozyme or cosi^ipression RNA molecule complementary to an endogenous gene being 
10 targeted. Approaches for the targeted inhibition of gene expression are well known to 
the skilled individual (for reviews, see Bird et al., 1991; Schuch, 1991; Gibson et al., 
1997) 

A preferred target for inhibition is the S-adenosyl-L-methionine-A^'*^^-sterol methyl 
15 transferase (SMT) enzyme. By targeting this gene with an antisense or cosi^ression 
construct, expression of SMT can be effectively suppressed, thereby causing the 
accumidation of non-utilizable sterols. 

Besides SMT, other genes in the phytosterol transformation pathway can also be 
20 targeted in this and other embodiments of the invention in order to alter the profile of 
sterols in transgenic plants. The preferred target will depend on the application, 
however the approach is the same, i.e., to express an RNA or protein molecule capable 
of modifying the sterol composition of the plant in a desirable manner. 

25 Therefore, in addition to SMT, other preferred cellular targets for causing sterol 
modifications include: 

(i) demcthylase: This enzyme is involved in the removal of the two methyl 

groups at CA and represents reactions 2 and 8 in the description section. A single 
30 protein is responsible for both the reactions. Blocking this enzyme will lead to 
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a— .ioa Of 4.4^, ^ ^ ^ 24<2.«™ 
^doar^K,, or . novel sBro. such „ 2«ihydrctoos..„, ,3 u, Fig 9, All 

^ ^ «z>b,. steals. ™, ^ ■ ■ 

in plants. ^ 

<«) Cjdocucalenol « obmsifoliol bonu,,^ (COI) a«l aW ison^rase- These 
enz^ represent ,e«:Uo„s 3.^ 6 u,U„p.*w.y. C«uu, ta^i^es ,„ k„o™ „ 
block two to ptacs leading «, fl„ accumulation of 9p,,9.yc.opn^y, 

.«roIs. l^usts reared on U>«e ™,ed pl^ a« ^own have abnomu. developn«n. 
-1 Of cholcs^n,, and ecdy^roids in «,ese inaecs are dep,e«. This suggests 
.^^ eimer of a»se enz,n« are disrupted or supptessed. ^ ^ 

altered such Out they wiU not suppon insect development (Cos.. e, al„ 1987). 

« CM den^thylase: This is teacticn 4 in the pathway. There ate several 
ftog^tdes and plan, growth regulau>rs tha. bl,^ Utis sBp in togi ^ ^ 
«s blocl^ge leads .0 a depletion o, ^ notn^ ^'-sterols and an accunu^ation o, 
9P,19^clopropy,. ,4a.n,ethyl and A'-sterols d:a. are intem^liates of the n«in 
Phy^^rol pattway. TT«se are also .K,n^tili.ble sterol Smdies with chemicl 
u-htbttors have also shown that plants accumulatir* these in.ennedU.es are tolerant » 
water aM cold stress. Thus, suppression of this e„zyn«, activity though gene 
manipulation is also a useful strategy. 

(iv) ^'-s^ol^-SKfesamrase: nus is reaction 9 in the pathway. Inhibition of flus 
c-yme le^ » a ,^„e,ion of A'-sterols a,., an it^ease In aW. C^i„ 1^,3 
a.. k.»wn to t« unable u, n>etaboli.e A'-sttrols into ecdy«eroids. nterefbre 
—on Of A'-sterols in pUn« can aiso provide a way «. fonu „on-„ti,i^,: 
««ols. Furti»=r. A -sterols can replace A'-sterols in phuu tnembranes without any 
morphological changes in plant development. 
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(V, C-24 r^^: m u 0. ^ «^ ^ phy.„.«„, ,n»fom«ion (r.«i<„ 
-.2) ^ ^ ,on^,o„ ^ ^.^^ ^ 

^^^ 0 gc. c^cdi^ ^ ^ 

A -24-aIkyl sterols which are also non-utilizable. 

Many „, enccdta, ^.^^ ^ 

by U« presem tavcodon have b«„ i«„at«i to^ «. L«s ^ 

1997)^ W have b«„ isolated ftom plaMs. For e«„^te, SMT gc«cs have bee.^ 
routed tan soybean (SM et a.., .996). anhidopsis (H^u,em et a... .996; Bouvier- 

« al .997). 04er pte «erol biosy«betfc genes Urn have been isoUued incl,Kie 
^-^-desann^ fen. ^ 
synthase from arabidopsis (Corey et al., 1993). 

Where no. available, ^ gene encoding a s,^, biosynteic enzyn» can be readily 
-la-ed torn a desired source by app^aches Icnown ,0 flic sidUed individual For 

Tj"^ '™ " hybridizaaon 
probe ^r .be .soiaaon o, bomolgous sequences from orher sources. However, i. shouM 
be noted ^ a DNA molecule of invenflon should be active in numerous plan, 
0^, regard o, *e source of me s«rol biosyn«,eUc gene used in *= targeting 
~, given u« successftd demonstration provided herein of using a yeast ERG6 
annsense construct to alter the sterol profile in tomato. 

Preferably. t.„ f„„owing sterolic metabolic enzymes are targeted for inhibition- S- 
adenosyl-L-me,hionine-."-sterol methyl transferase. demeUtylase, cycloeucalenol to 
obmfohol-„c. .4a-meti,yl demethytase, to A'.is«nen,e, A'-s.e,oK:-5- 
desaturase, or a 24,25-reductase. 

^ pnxluced according to this embodin«nt preferably have increased amounts of 
certam sterols that are nonutilizable, particularly 4-meU.yl sterol, 9p.l9.yclopropyl 
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Sterol. A'-sterol. A'-sterol. 14a-mcthyl sterol, A^\24-aDcyl sterol, A^-24-aIkyl 
sterol or A^^-24-alkyl sterol, or decreased levels of sterols having a a' group. 

Preferred crops for use in providing insect resistance according to this embodiment of 
the invention include com (European com borer, com earworm, fall armyworm), rice, 
sorghum, forestry, potato, tomato (tomato horaworm), and vegetable brassicas. 
Preferred crops for use in providing nematode resistance according to this embodiment 
of die invention include soybean (soybean cyst nematode), tomato (root knot nematode), 
sugarbeet and cucurbits. 

Preferred crops for use in providing fungal resistance according to this embodiment of 
the invention mclude com. rice, wheat, surghum, soybean (Phytophthora root rot), 
sunflower, forestry, fruits and berries, potato Gate blight), tomato (late blight), 
sugarbeet, cucurbits, and vegetable brassicas. 

PffYTOSTEROLS AS CHOT HSTEROL-T OWERING ACT^^J^ 

Animal and human studies have demonstrated that phytosterols can reduce serum and/or 
plasma total cholesterol and low density lipoprotein (LDL) cholesterol (Ling and Jones, 
1995). In this regard, transgenic plants having altered sterol profiles could be instrumental 
m establishing a dietary approach to cholesterol management and cardiovascular disease 
prevention. 

Structure-specific effects of individual phytosterols have recently been shown where 
saturated phytosterols, such as sitostanol, are more efficient compared to unsaturated 
compounds such as sitosterol in reducing cholesterol levels. Another structural feanire 
that seems to play a role is esterification of the phytosterols. Some studies suggest that the 
fcrrulate esters of sitosterol, sitostanol or cycloartenol have a more potent efTect on 
lowering serum cholesterol than the corresponding fire sterols (Meittinen and Vanhanen, 
1994). 
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Some of tt= of phytosu^rob in Uu= di« are rice bm„ oil. com fiber oi, . 

^.^OU. -eb™.».co.fibe.„b.f„.e„o«e„ricbe..l"::Xt 

u,ve«,o„, ^ conve^ion of cydoaneno, in developing ^ can be inhibi^d. for 
=^p.ebyann«n3e, co,„pp„s.io, or riboz^e-nredia^ i„«bi«on of SMTe^re^on. 
U-ereby ieadn^ . an acc™..a.on of *1. .erol in seed oiis. A,„,. ^ ^UT ,2 
can be overexpreaed in order to incrca« d>e levels of sitosterol. 

^ crops for ,„e accordance witb tbi. etnbodiment of tbe i„venU„„ 
siutflower, com. soybean, oilseed btassicas and cotton. 

5TBE5S TOI F F^Nrp, THROUGH TFP mnv. m ur^YT fT-r"! - 

Another emb^ of this invention derive, tron, the fact that certain sterols are 
a-u^ With ^..in, water pertneabiHty of n^branes. Por this reason, ste^ 
^,»i-on Should provide an e««ve nteans for preventing or at least n^^^ 
drought induced damage. "^unuzing 

^ studies With chen^ical inhibitors of sterol biosynthesis have doonnented d>at the 
Pl-« Show secondary physiological responses that include tolerance to 
—.otal stresses such as drought ^ frost (Pletcher, 1,S8). Such responses are 
« due to eleva^d levels of honnones such as abscisic acid. However, changes 
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fluidi,, is comroiw by ^ral &«o„ such a, u« ^ „, , , 

««ol« « «. buflcr memb««s ag^, abrupt changes ta fluidicy TT„y n«v h 

-hha. s.„,s an. ,cc™uaa„„ of i.«„^^ bclpd^X 
membrane function. 

elevated leveis of absc«,c acid and do^ne of stomata (Haeuser C ct al IMO , p, 
P^C. ^: HOW th. process . ^.ed . .ea: si r. ^ 

d„ .s that modification of phytosteto. can ,ead to son« fotn. of stt^ 
» =™-. wh.h is n.s. Ultely n^ted by eievated levels of abscisic acid. PnttheTI 

<uc inose recognized in thic int>A«*;» 

QR,o , nonutilizable. These are again 

mr T --on Of r 

::!::r::r.y~ Tz r ^^^^^ ^'^^ ^ 

P««^ and pathogens but also from 
~.als.«ses such as drought and COM. P..fer.«, sterols to be .leirT 

Z"TS' T ""^ »' ^^-i™ incude 

2 nee. sorghun,. soybean, oilseed brassicas (rapeseed, canola). sunflower 

Pal^, P«nu., cotton, forestry. «ts. be.^, ^, ^ J 

~ ~ .s,.^. n^ions. cucutnbers, wa,«n.,ons. pt^p^, 
br.«,cas. alMa. otnamemal crops, turfgiass. peanut, tea and coflec. 

Tt. foUowing exan^les are included to demonstrate preferred embodin^nts of 
-entron. ,t should U apprecUted by those of s«ll in the art that the techniques 
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di«.os=d ia .he exao^plcs which foUow rcp....^ .^^^ ^ 

.0 „a, u. pracuce Of u„e»i„n. caa be co»««^ „ 

P^ferrcd mote for i« p^. However, of skill in U>e an should, in iigh. of 
a« prese™ discio^, appr.i,„ C^ges can be made in .he sp«n& 

5 cct^dnnems which are disclosed sdi, ob^in a or sinular 

dcpartmg fton, U„ spirit and scope of .he invendon. Unless speciflcaliy indicted, aU 
^chniques discussed in U,e description above and used in fte examples which follow can 
be perfom,cd by s.andani molecular biological and biochemical meftodologies weU 
known «, a,e sldUed individual (as described, for example, in Sambrook e. al.. 1989). 

10 

EXAMPT,F.<! 

Example 1. Plant Phvto.f^rn|^ 

15 Sterol isomers were extracted from com and were isolated to homogeneity using 
Chromatographic methods. Novel phytosterols were identified with side chains that have 
been found m be non-udlizable in insects. 

The sterols were strucmraUy characterized by mass spectroscopy and 'h and "c nuclear 
20 nagnetic resonance (NMR) (Table IXGuoetal, 1995). 

11« Mai studies Showed U>a. 4^y com shoots could produ« mono- and di-aikylated 
s^ls a. C-24. Com could produce those sterols, since isolated 24(28)-methylene and 
24(28)ethylidene sterols were obtained from seedling tissue of com and their stmctures 
were co„fum«i by mass and proton nuclear magnetic resonance specttx,scopy. 

Table 1 

Sterol Composition of Zea mays 
Sterol" ^ , 

TLC Plant Source^ 
. (M^) (Rf) 

Cycloartenol ' ~ . _ 

0.29 St. c. g, r. sh. b, p 
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Sterol" 

■ ^IVI 

24(28)-MethyIcDc-cycloamnol ^ „ 

Cyclosadol ^ c, g, r. sh, b, p 

Cyclolaudenol ^'^^ ^^'8'^ 

Cycloartanol- ^'^^ « 

24-Methylcycloananol n'^! 

24<28)-Mcthyleneparkeor 440 029 ^ 

cc-Amyrin(triterpene) 435 '^o 

P-Amyrin(triterpcne) 435 q st. c. g, r. sh, b 

4a. 14a.Dimethylergosta-7,24(28)- 424 nil ^' ^ 

dienol ^ ^ 0-25 st, c, g. r. sh. b 

400 0 9. 

24-Methylene-lophenol 4,2 ^' 

24-Methyl-lopliei)ol 4,4 c, g. r. sh. b. p, J 

24,EthyI-lophcnol 423 ^' 

Cycioeucalcnol 4^^ ^ 

Obtusifoliol ^"^^ ^' ^' 

426 0 2S 

Dihydroobtusifolior ^-,0 g. r, sh, b, p 

31-Norlanostcn)l* 4J2 

4a-Mcthylcrgosta-8,24(28Hienor 412 u zo 

4a-MethyIergosta-7(E)-23^ienol 412 0 25 

4a-Mcthylergosta-7(Z)-23^ienor 412 n 9<: ^' 
Citrastadienol ^'^^ 

Isocitrastadienor 42^ ^"^ c, g. r. sh, b 

4a,14a-Dimethyl-ergosta-8(E)-23- 426 I'll 
dienol 0-25 c, sh 

4a, 14a-Dimethyl-crgosta-8(Z)-23- 
dienol 

4a.l4a-Diinethyl-24^thyl-cholest-8 
enol 

^;^^-'^^yl-9.19K:ycloergost- 

4a-Methyl-cholesta- 
8(9).14(15).24{28Hricnor 
Cholesta-5,22-dieiior 
Cholest-7-€nor 
ChoIest-8(9)^r 
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428 0.25 sh 
412 0.25 sh 
0.25 b 



426 


0.25 


sh 


442 


0.25 


sh 


426 


0.25 


C, ! 


410 


0.25 


sh 


384 


0.18 


sh 


386 


0.16 


b 


386 


0.18 


b 
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Sterol " 


MS* 


TLC 


Plant Source'^ 




(M^) 


(Rf) 




Cholesterol 


386 


0.18 


St, c, g, sh, b, p 


Cholestanol 


388 


0.16 


St 


Brassicasterol 


398 


0.18 


St, sh 


24-Metliylene-cholesterol 


398 


0.18 


St, c, g, sh, b, r, t, p 


Ergosta-5(E)-23-<iienol 


398 


0.18 


St. c, g, sh, b, r 


Codisterol 


398 


0.18 


St, sh 


Ergosta-7(E)-23-<iienol 


398 


0.16 


St, c, sh 


24-Methylenc-cholest-7-enol 


398 


0.16 


St, c, sh, p 


24-Methylene-zymcsterol 


398 


0.18 


P 


Campesterol 


400 


0.18 


St, c, g, sh. b. r, t, p 


24-Epicampesterol 


400 


0.18 


St, c, g. sh. b. r, p 


Ergost-(E)-23-cnol'' 


400 


0.16 


sh 


14a-Methyl-cholest-7-enor 


400 


0.16 


sh 


Ergost-7-enol 


400 


0.16 


St, c 


Ergost-8(9><nor 


400 


0.18 


sh 


Ergostanol 


402 


0.16 


St, c, sh 


24P-Ethylcholesta-5 ,22,25-tricnol 


410 


0.18 


Sh 


14a-Methylcrgosta-8,25-dicnol'" 


412 


0.18 


sh 


14a-Methylcrgosta-8,24(28)-dienor 


412 


0.18 


sh 


Stigmasta-7,25-<iicnol 


412 


0.16 


sh 


Stigmasta-8,25-dicnol* 


412 


0.18 


sh 


24p-cthyl-cholcsta-5 .25-dicnol 


412 


0.18 


st, sh 


Stigmasta-5,23-<iienol 


412 


0.18 


sh 


Fucosterol 


412 


0.18 


St, g, sh 


Isofiicosterol 


412 


0.18 


st, c, g, sh, b, r, t, p 


24-Ethylcholesta-5 ,24(25)-dienol 


412 


0.18 


st, sh 


Avensterol 


412 


0.16 


st, c, sh 


25-Methyl-24-methylene-cholesteroI* 


412 


0.18 


sh 


Stigmasterol 


412 


0.18 


st, c, g, sh, b, r. t, p 


Stigmast-7-eDol 


412 


0.16 


c 


Stigmast-22-enol 


414 


0.16 


st, sh 


14a-methylergost-8(9)-€nol 


414 


0.18 


sh 


Sitosterol 


414 


0.18 


st, c, g, sh. b, r. t. p 


Stigmastanol 


416 


0.16 


st, sh 



MS, mass spectrometry; TLC, think-layer chromatography 
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MS* TLC Plant Source' 

(M^) (Rf) 

new com sterol; " new natural sterol ' 
St, shoot; c, cloeoptile; g, germ oU; sh, sheath; b, blade; r. root; i, inflorescence- t 
tassel; p, pollen ' ' 

Either trivial or systematic name is given 



Biosynthesis of the sterols was analyzed to determine sterol precursor-product 
relationships. Developmental regulation of sterol metabolism was examined by 
comparison of different com tissues. The results show sterols in blades contain mainly 
24-ethyl sterols, e.g., sitosterol, while sheaths contained mainly 24-methyl sterols, e.g., 
24-methyl-cholesta-5 ,23-dienol . 



Feeding-trapping experiments with four [3-^H124-methyl sterol isomers incubated with 
10 8-day etiolated sheath tissues indicated that A^'^-methylene and A^'^'-24-methyl 
sterols were precursors of 24a- and 24p-methyl sterols, whereas A^"'*'-24-methyl and 
A^^-methyl sterols were end products of the sterol pathway. 



The results showed that a single SMTj enzyme is responsible for the catalysis of two 
methylation steps and that a critical slow step between cycloartenol (start of pathway) 
and A'-24-alkyl phytosterol (end of pathway) production is the methylation step, which 
is subject to feed back regulation from 24-ethyl sterols. The SMT, enzyme regulates the 
type and amount of phytosterols produced from cycloartenol during plant growth and 
mamration. This finding contradicts the generally accepted view of the role of 
3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR). This enzymatic step 
occurs very early in the isoprenoid padiway from which sterols are derived and has been 
considered as the rate-limiting step in phytosterol biosynthesis. The present finding 
shows that HMGR's role is limited merely to controlling carbon flow into the sterol 
pathway. 
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Expression studies of microsomal HMGR activity and microsomal SMT enzyme activity 
-during seedling developmeni following seed imbibition (Figs. 3C and 3D) show: (1) that 
SMT activity is correlated with sterol synthesis and plant growth; (2) neither sitosterol 
nor 24(28)-methylene cycloartanol at 100 mM affected HMGR activity, suggesting that 
5 HMGR activity docs not correlate to growth or sterol production; and (3) the rate of 
phytosterol turnover correlates to the activities of the first and second methylation of 
SMTi enzyme and not HMGR activity. 

These results demonstrate that during the initial shoot development following seed 
10 imbibition sterol biosynthesis is down-rcgulated. Sterol that accumulates in 3-day shoots 
is derived from translocation of sterol originating in the seed. Subsequent com seedling 
developmeni results in an up-regulation of phytosterol synthesis. Carbon flow is 
directed into the phytosterol pathway: A*-24-alkylsterols arc synthesized at rates to meet 
the increasing demands of membrane synthesis. Cycloartenol and related C-4 
15 methylated sterols are turned over to A'-end products. The critical slow step, which is 
the first transformation step in phytosterol synthesis, is methylation of cycloartenol. 

Fig. 4 summarizes the pathway to kinetically favored A'-24-alkyl sterol end products in 
com during development of the seedling into blades and sheaths under dark-grown 
20 conditions. Expression of SMT enzyme activities during early blade and sheath 
formation, and sterol specificity data, show that com synthesizes at least two different 
SMT enzymes: SMT, catalyzes the successive methyl transfer to produce 
A^*^'-methylene and A^^-ethylidcne sterols; and SMTn catalyzes the methyl transfer 
to A^*-24-nicthyl sterols. 

25 

Example 2. Identificati on of sterols required for growth of plants 

The phytosterols identified in Example 1 were tested individually for their ability to 
support growth. In the absence of a plant sterol mutant for such smdies the yeast sterol 
30 auxotroph, GL-7, was cultured in the presence of sterols identified according to 
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Example 1, above (Li, 1996). This yeast mutant is used as a model system because it 
can take up sterols from the culture mediimi and incorporate the test sterol into the 
membrane lipid bilayer and proliferate. The amount of proliferation of the cells was 
measured in the presence and absence of hormonal levels of ergosterol, the major yeast 
5 sterol. 

Sterols were classified according to dieir effect on growth. Those sterols sparking 
growth included ergosterol. Those sterols that migrated to membrane and cell structural 
components without affecting the rate of growth of the cells included cholesterol and 
10 sitosterol (Nes ct al., 1993). 

Example 3. Enzvmologv of sterol-converting enzvme.s 

The sterol specificity of the microsome-bound and soluble SMT enzyme from 4-day 
15 com seedlings was determined in order to elucidate the enzymatic basis for the plant 
sterols identified in Example 1. Using a microsome-bound enzyme system, we observed 
thai cycloartcnol is the preferred sterol acceptor and that 24(28)-methylene lophenol was 
methylated to produce 24(28)-ethylidenelophenol. Table 2 simmiarizes the specificities 
to various sterol substrates using the soluble SMT enzyme from com seedlings. 

20 

Table 2 

Sterol specificity of the (S)-adenosyI-L-methionine:D^'*-sterol methyl transferase 



Substrate 


Enzyme Activity 


% Activity, 




(dpm/min) 


relative to 






cycloartenol 






methylation 


Cycloartenol 


37,515 


100 (CI) 


Lanosterol 


24,384 


65 (CI) 


Parkeol 


6.002 


16 (CI) 


3 1-Norcycloartenol 


18,757 


50 (CI) 


24-DehydropolIinstanol 


8,253 


22 (CI) 


Zymosterol 


5,252 


14 (CI) 


4a-Methylzyniosterol 


10,504 


28 (CI) 
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14a-Methyl2ymosterol 
.S-Desoxyzymosterol 
ChoIest-8-eiiol 

24(28>McthyIeneIoplienoI 

4a-Methylergosta-8,24<28)-<lienol 
Obtusifoliol 

Cycloeucalcnol 

Ergosta-8,24(28)-dienol 

Ergosta-7,24{28)-dienol 

Ergosta-5,24(28>dienol 

24(28>-Metfaylene cycloaitanol 
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3,376 
BG 
BG 
3.800 
1,500 
BG 
BG 
BG 
BG 
BG 
BG 



9 (CI) 
0(C1) 
0(C1) 
10 (C2) 
4(C2) 
0(C2) 
0(C2) 
0(C2) 
0(C2) 
0(C2) 
0(C2) 



T^e was UtUe difference in tl. relative biding efficiencies <KJ of sterols in the 
™e-bounci a. soluble enzyn^systen^stucUed. T^r^^.^^ZlZ 

z:::r " " ^ - — - - - - 

ol tr"^ sterol Changes .uring enzyme solubili^tion. ,.e properties o. the 
enzyme from sunflowers . oivi i 

»o n^tani.:^. operadng con. P7"c,-,ano«er„, „as ,„ co,^ J 
^yucon „«ta^ p™^^ , 2M^y^y,^ ^ ^ _ 

In neither incubation wilh cycloanenol or lanosterol was (he stemi = 

L . — "wju,iui was me sterol acceptor molecule 
^,.a^» U» «cona .e... ^„ „ ,. a.. 

^^SMT . a .„«,e prc„i„ specie, .ben ..ere n., be bir^i.^ ... on U« 



TV com SMT pro.i. is a ..ramcr wiU, 4 .ubnn,.s of 3, u>a. A bi^ncUonal s«ro,- 
CSMT, enzy™ was pa..iaa, p^^ ^ ^ 
shooB by ttK foUowing sttps: ^ ' ' 

(i) non-ionic deargem solubilization of U« microsome-bound SMT enzynie; 
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Oi) g^^fi^'^on fiacuonation of the solubilized protein to onvh 
ftactions with an apparent native • . ^'^^^ 

apparent native molecular weight of circa 156 kd- and 

Cui) hydroxyapatite chromatography of active fractions. 



Both mcthylation activities copurified 



approximately 200-fold. 



Fig. 1 shows an HFLC-radiocouut (Fie IR^ 

^ (Mg. IB) and mass spectrum (Fig i of ri,. 
reaction product from 50 pooled assays from a soluble SMT 

-yed With 24(28)-methy,ene Jhenol ^ '"^^ ^'^^^ 

^0 ..«e. lophe. to 

my, transfers of an appropriate sterol acceptor molecule 
^b,e 3 Shows the effect of a seHes of substrate and transition state analogs on the first 
and second methyl transfer reactions. ' 

15 

Tables 

Effect of substrate and transition state analog inhibitors on 
(S)-adenosyl-L-methionine: A^^-sterol methyl transferase 



Inhibitor 



Can^sterol 

24<2S>Methylcnc 
cycloartanoi 

26,27-Cyclopropylidene 
cycloartenol 

24-(R,S)-25-Epimino- 
lanosterol 

Z-24(28)-Ethylidcnc 
lophenol 



Entry 
no.' 

1 

2 

3 
4 
5 
6 



Kj relative to the 
first methyl 
transfer 

NA 
20 nM 

25 fiM 
55 nM 
NA 
NA 



activity. 
K, relative to the 
second methyl 
transfer 

NA 
NA 

NA 
55 jiM 
75 nM 
100 jiM 
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Sitosterol 

* i^iiinoers indicate structures in Fig. 2 

Various inhibitors were tested with soluble SMT enzvme frnn, 
^ i-^iHty or sotne inhibitors to ^ ^^^I ^ 
> --^^thattheSMTen^ehastw":^^^^^ 

SMT catalyzes two successive transmethylation, from the coenzyme 
adenosyl-L-methionine to different substrates- cycloartenol rA-!^ J ^ ^ 

with 20 mvr V . . cycioartenol (A -4.4-dimethyl sterol) 

J, ^"^^ ^^(^«e. .op J 
,z*(i:a>-4.nionomethyl sterol) with m „\a ^ , k^^""! 

Substrate specificity and inhibition studies suggested two hinH- 

enzyme: binding site I catalyzes a fir. .hT ' 

s IB catalyzes a first methyl transfer to produce a 24/28^-n,.ti, . 

sterol; and bi^^g .te n catalyzes the second methyl trllT I 

24(28>^thylidene sterol. ^° * 



For Example, sitosterol (24a-ethyl cholesternn th. 

production in bbH. h • °^Jor end product of com sterol 

e^el^ : ^"^""""^ ^^"-"^^^^ ^'^^ ^^-^^^ - inhibit 

either the first or second methylation reaction; 24(28)-methylenecycloartann. ^ 

Of cycloartenol transmethylation, was not methylated and 7^^^^' ^ " 

inhibited the first m.ru , . 24(28)-methylenecycloartanol 

,T " " 

SMT ^z^. . ^^^^^ ^^^^ y 
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■The «cc„d „^ 

B region, wim . sMa. k, vatac „f 55 „M ^ .^J™ 
"PP- .0 b. .ypica. Of ^ 

groups at C.3 and C-24 HeSuM^ , T™"' ~I"-^a for .uKleophUic 

10 

Tl« y«.. SMT gene, ERC6. wa, derived ftom a yeas, rao. 

PRG458/„J6 (Fig. 5B; SEQ ID N0:1). *'"'™'^ '^^-«- 

15 

:r r: ir^: - 

prefer Cc,„ar»noi ^JT^X'T 



25 



30 



The molecular weight of the vea« tnurr 

pET23a(+) vector Th. ^ ^ promoter-based 

T^.-o.^pn....«aiao^p^ ---- 

(VEYGWGS, and based on n^banisUc analysis of bion,ed.y,a,o„ described in 
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Example 3, the amino acid tryptophan (W) was determined to be the binding site. By 
-site-directed mutagenesis of the ERG6 gene this amino acid was replaced with alanine. 
The mutated DNA was also overcxpressed in E. coli by cloning into pET23a(+). This 
protein was not active under conditions where the wild-type protein was active. 

5 

Such a strategy provides a means to alter phytosterols by introducing inactive SMT 
protein into plants. The introduction of non-fiinctional SMT monomers can result in tiw 
suppression of SMT activity, for example by affecting the abiUty of the cell to form a 
functional SMT enzyme complex, thereby leading to the formation of nonutilizable 
10 sterols. For example, suppressing the activity of the first SMT, reaction will lead to 
formation of A^^*-24-alkyl sterols, products of SMTu activity. Alternatively, 
suppressing the activity of the second SMT, reaction will lead to the formation of A^^- 
24-alkyl sterols. 

15 Example 5 SMT genes from Arabidopsis 

The SMT gene from Arabidopsis was cloned and sequenced (Fig. 6; SEQ ID N0:3). 
This gene was overcxpressed in E. coli. Arabidopsis SMT was partially purified and 
characterized in stereochemical detail. 

20 

The Arabidopsis SMT gene was amplified by PGR from a cDNA library. The primers 
used were designed from the full-length cDNA sequence retrieved from the GeneBank 
(Accession number X89867). The amplified product was the full-length Arabidopsis 
SMT gene which was sub-cloned into a T/A cloning vector and sequenced. From the 

25 sequence data the ORF was identified. A Nde I site was created at the ATG start codon 
through PGR mediated site-directed mutagenesis. The full-length ORF containing a Nde 
1 site at the start and a BamH I site at the stop was cloned into the pET23a(+) vector 
just as the ERG6 gene was in Example 4. The recombinant protein was active in 
transforming both cycloartenol and 24(28>-methylene lophenol to their respective alkyl 

30 products (Tong et al, 1997). In the case of cycloartenol only one product was formed, 
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which is 24(28)-methylene cycloartanol, i.e., SMTj in Fig. 4. Since a single gene 
-product was able to metabolize both sterol substrates it further confirms the 
enzymological data in Example 3. Further, since cycloartenol metabolism by the 
recombinant plant SMT gave rise to only one product which also is the product of SMTj 
5 it suggests that the alternate product, cyclosadol (structure 6 in Fig. 4), is formed from 
an isoform (SMTn) encoded by a different gene. 

Example 6 SMT genes from com 

The com sterol methyl transferase (SMT) gene was isolated from a commercial com 
10 cDNA library (Stratagene, La JoUa, CA). Five microliters of com cDNA (equivalent 
to 5xlO' pfu) were used as tcnqilate in the amplification of the SMT gene by polymerase 
chain reaction (PGR). Because the cDNA library was constractcd in the vector Uni-Zap 
XR (Stratagene), the T7 sequence in this vector was used as one of the two primers for 
PGR an^lification (3'end primer). The 5' end primer (2650-1) was designed from 
15 nucleotides 2-20 of a putative SMT fragment published in Gene Bank (T23297). Thirty 
cycles of PGR were conducted using five units of Taq polymerase from Promega in a 
total volume of 100 microliters, according to the manufacturer's instmctions. One 
microliter of PGR product from this reaction was used as the template for a second 
round of PGR using the T7 primer and a primer designed from nucleotides 250-268 of 
20 T23297. When the resulting reaction products were analyzed on a 1 % agarose gel, a 
band of 1.3 kb was seen. This PGR band was subcloned into the plasmid pGEM-T 
(Promega) and was sequenced. 

To obtain the 5' end of the SMT gene, a pair of primers designed from nucleotides 2-20 
25 and 366-349 of sequence T23297, was used in the PGR amplification. A band of 366 
nucleotides was obtained and sequenced. The sequence of this 366-nucleotide ?CR 
fragment overlapped with the 1.3 kb clone for 116 nucleotides. These two fragments 
were joined together by PGR, using a pair of primers, 2650-1 and 3082-2. The latter 
primer was designed fi^m the 1.3 kb ft^gment 20 nucleotides before poly A sequence. 
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Both of the 366 bp and the 1.3 kb PCR firagmems were used as the DNA templates. The 
-reconstructed SMT gene was Ugated to the PCR cloning vector pGEM-T and was 
sequenced bi-directionally using the ABI Prism Automatic DNA Sequencer (Model 
310). 

5 

The cloned SMT cDNA was 1497 nucleotides, with a coding region of 1032 
nucleotides, which encodes 344 amino acids (Figure 10; SEQ ID N0:6). The start 
codon, ATG, was located at nucleotide 66-68. There was one stop codon preceding the 
start codon (ATG), located at position 42-44, suggesting that the reconstructed SMT 
10 sequence contains the complete 5'end. A poly A tail of 28 nucleotides was located 371 
nucleotides downsttcam of the stop codon, indicating the cDNA fragment was complete 
at 3'end. Therefore, this cDNA clone is a full length cDNA clone. 

The deduced amino acid sequence from this cDNA clone contains 344 amino acids, 
15 encoding a polypeptide of 38.8 kiloDaltons. This deduced amino acid sequence 
contains all three of the proposed conservative regions for methyl transferase (Kagan 
and Clarke, 1994. Arch. Biochcm. Biophys. 310: 417-427): LDVGCGIGGP at position 
104-114 (amino acid sequence) and TLLDAVYA at position 167-174, and VLKPGQ at 
position 194-199. In addition, another conserved region for sterol methyl transferase, 
20 proposed by Nes (SFYEYGWGESFHFA. Guo et al.,1997. Antifungal sterol 
biosynthesis inhibitors. In Subcellular Biochemistry Volume 28: Cholesterol: Its 
function and Metabolism in Biology and Medicine, edited by Robert Bittman. Plenum 
Press, New York), was seen at position 60-73. 

2 5 The deduced com SMT amino acids sequence was compared with amino acid sequences 

from other known SMT genes using GCG progams (Gap and Bcstfit). The deduced 
com SMT amino acid sequence shared a 93.6% similarity wiih an independently 
isolated com SMT sequence (Genbank U79669), 88.1% homology, 78.8% identity with 
soybean SMT (Genbank U43683), and a 93.9% homology, 88.3% identity with partial 

3 0 wheat SMT sequence (Genbank U60754 ), 58.8% homology, 39% identity with 
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Arabidopsis thaliana (Genbank X89867), and a 66.5% homology, 50.4% identity with 
- yeast SMT (Genbank X74249). The high similarity between this cDNA clone and SMT 
genes from other plant species confirms that this cDNA clone is a fiiU length SMT 
cDNA clone of Zai mays. Furthermore, since Grabenok et al. have fimctionally 
5 expressed their com SMT gene in a yeast expression system and found no 24-alkyl 
sterols other than ergosterol, this suggests that the com SMT gene isolated by my 
laboratory catalyzes the same stereoselective C-methylation to a"^, thereby s^jporting 
the view that com syntiiesizes several differem SMT enzymes. 

10 A similar strategy can be used for isolating the cDNA for the SMTu isoform. In fact, 
cDNA fragments isolated by the described method should be representative of both 
SMT, and SMTn based on the conservation of the region from which the primers were 
derived. 

15 Example? SMT genes from Prototheca wickerhamii 

Another example of a preferred SMT gene is that from Prototheca yvickerhamii. This 
yeast-like alga produces A^^-24-methyl sterol as the main product of transmethylation. 
The favored substrate is cycloartenol. 

20 

Studies from microsome preparations of P. wickerhamii have shown diat the preferred 
substrate of the SMT is cycloartenol. However, the preferred product is not 24(28)- 
methylenc cycloartenol but cyclolaudenol (VII) which is a A^^-24-alkyI sterol, a 
nonutilizable sterol. 

25 

Cloning the gene of this SMT will facilitate the introduction of this gene into plants in 
order to transform the plant sterol, cycloartenol, into a product, cyclolaudenol, which 
will lead to the accumulation of nonutilizable sterols, viz., A"^'^-24-alkyl sterols. 
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I 
I 




(vn) 

Cloning of Prototheca SMT 

Prototheca wickerhamii cells are grown to mid log phase in YPD rich medium (yeast 
5 extract - peptone - dextrose). The pelleted ceils are disrupted in die presence of Tri 
Reagent (MRC) using 0.5 mm glass beads and a mini-Bcadbeater (both from Biospec 
Products. Bartlesville, OK), ffigh quality total cellular RNA is isolated according to the 
manufacturer's instructions. 

10 Total cellular RNA is subjected to 3" RACE (rapid amplification of cDNA ends) and 5' 
RACE using reagents and protocols found in kits obtained from GibcoBRL. For 3' 
RACE, total cDNA is synthesized by the action of reverse transcriptase after annpi^iing 
oligo(dT)-containing primers to the poly(A)-tailed RNAs present in the unfractionated 
total RNA. The RNA templates are degraded and the cDNA serves as template for 

15 polymerase chain reaction (PCR) amphfication. The user-supplied primer "YEYGWG" 
(see Rationale for primer design below) anneals to the cDNA and is extended toward die 
3' end of the gene under the direction of Tag polymerase. The kit-supplied primer for 
extension from the 3' end to the tenninus defined by the "YEYGWG" primer anneals to 
a sequence composed of three restriction endonuclease recognition sites that was part of 

2 0 die original oligo-dT containing primer. A second PCR amplification in which the 
primer pair is a second "nested" primer ("GCGVGG") and the kit-supplied 3' primer is 
performed to enrich for cDNAs representing die 3' half of SMT. Anodier nested primer 
("ATCHAP") has been similarly used. 
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Total cellular RNA is also subjected to 5' RACE. cDNA is synthesized by reverse 
■transcriptase using the antisense primer "EWVMTDas". cDNA is modified at the 3' 
end by the addition of a polydeoxycytidine "tail" using terminal deoxynucleotidyl 
transferase (TdT). An initial PCR reaction is carried out using this C-tailed cDNA as 
template and the primers "EWYMTDas" and a kit-supplied poly-G containmg primer. 
A second PCR reaction is carried out on this PCR product using the nested primer 
-ATCHAPas- and a kit-supplied primer that anneals to a part of the poly-G primer that 
contains restriction enzyme recognition sites. This second PCR reaction enriches for 5' 
SMT cDNA sequences. 

The 3- RACE and 5' RACE PCR products are isolated from gels and ligated into the 
plasmid pPCRn (Invitrogen). Clones obtained after transformation into E. coli are 
characterized by sequencing. An Apa I restriction site is present in the DNA of all 
plants and yeast that have been sequenced in the GCGVGG motif and is present in both 
the 3- and 5' cDNA clones. This allows splicing of the two 3' and 5' halves of the 
SMT gene together, completing the entire coding region. 

Rationale for nrimpr ^r^i^ 

The first step in designing the user-siq^plied primers was to examine the several very 
highly conserved peptide motifs in the SMTs of those plants and yeast that have been 
sequenced. Within these are found shorter stretches of amino acid sequences that can be 
encoded by a minimmn number of DNA sequences, tiie codons of which usually only 
vary at the third (degenerate) base. It was also desirable that the codon preferred by 3 
different yeast species according to codon usage tables found in Wada. et. al. (Nucleic 
Acids Res., vol 19. pl981. 1991) be present in the mix of degenerate codons for each 
amino acid. Each user defined primer is thus a mixture of deoxynucleotides that defines 
an internal end of a PCR product. It was also rcqiured that 4 or 5 of the 6 3' 
deoxynucleotides of each primer be perfectiy matched in all species and had greater than 
50% G and/or C. 
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The first three primers described below are sense orientation primers that anneal to 
-antisense DNA (and the original cDNA). The fourth and fifth primers are antisense 
primers that anneal to the sense DNA strand of the SMT gene. 

5 YEtY/F/W]GWG (amino acids 81-86 of the yeast sequence; nonidentical residues at a 
position are in brackets) was the part of a larger conserved region of SMT that was the 
basis for the "YEYGWG" primer: 

5' - TA[T/qGA[A/G]T[A/G/T][T/G]GG[T/A/C]TGGGG - 3' 
(Degenerate nucleotide positions are included in brackets) 

10 

The "GCGVGG" primer was suggested by the DNA sequence that encodes part of a 
second conserved domain (GCG[V/riGG) at yeast ammo acid residues 129-134. The 
sequence of primer "GCGVGG" is: 

5* - GGATG[T/C1GG[T/A][G/A]T[T/C]GG[G/C]GG - 3'. 

15 

Primer "ATCHAP" is based on the DNA sequence encoding a third highly conserved 
domain (yeast amino acids 196-203). The primer sequence is: 

5' - GCCAC[A;G/T]TGrr/qCA[C/T]GC(T/G/A]CC - 3'. 

20 Primer "EWVMTDas" is an antisense primer for first strand cDNA synthesis in the 5' 
RACE experiment. It is based on the small conserved domain at yeast amino acid 
residues 225-231. The sequence is: 

5' -TC[A/C/G]GTC[G/A]Trr/A/G][C/A][C/A]CCA[C/T]TC - 3'. 

25 Primer "ATCHAPas* is a nested antisense primer for the 5' RACE experiment with the 
sequence: 

5' - GG[T/C/A]GC[A/G]TG[G/A]CAIAyC/T]GTGGC - 3'. 
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-E^^JeS SMT gene, frny p other p la^tc 

Using the Arabidopsis cDNA or another plam derived SMT sequence as a probe cDNA 
5 hWs from any crop of interest can be screened and corresponding clones of 
appropriate sizes can be isolated and sequenced. cDNA Ubrary construction and 
screenu^ methodologies are weU known in the art. As described in Example 6 
appropriate primer combinations can be readily determined using information of th^ 
conserved regions of known sequences for various SMT genes. To conto the identity 
10 Of sequences cloned by this method, they can be compared with known plant SMT 
enzyme sequence and/or in vitro tranlsated and evaluated biochemicaUy. 

^^^^^^9 Plant transfnTTnatinn wj^^ pprx 

15 To obain «,«B=nic ptots wW, al«™, sttrol profiles a DNA comaining tt,c 

open ««itag ta» Of fl. SMT ERC6 gc« of ye« tr^ , 

■<te«ffl«i (Example 4). Hae £R« DNA was modified b, PCR «, toctade resrtcfion 
s,Bs for Nco I 0. eiaer e-d of *e open reading franie. This PCR procedure gave n« 
■o.mulaionwhichi,«r«iuccdalhuneduftinthege„e. Urn mmation made the £KC« 

20 gene u«roduced i.«o d« plan. on«ansla.able, ^ capable of inhibiting e.«iogenoua 
.cmato SMT via andsense or c<vs.,ppre«i„„ mechanisms, depending upon the namie of 
the constr\ict. 



modified ERG6 DNA frago^t was cloned into the pUClScpexp expression 
25 cassette vector. Clones with the ERG6 DNA in the sense as well as the antisense 
orientations to the 35S promoter were generated (Fig. 7). 

Hind m digestion of these clones gave rise to the £RG6 constructs that included the 35S 
promoter and termination sequences flanking the ERG6 open reading frame Tbcsc 
3 0 Hind m digested fragments were cloned to the binary vector pJTS246 that contains 
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T-DNA bonier recognition sequences and the NPTH gene conferring kanamycin 
-resistance. 

The cloned binaries with either the sense or antisen^c ERG6 constructs were transfonned 
into Agrotccterium tumefaciens which were cocultivated with cotyledons of tomato 
(Solanum fycoperiscum) to obtain transformed plant cells. From calli formed on 
selecuvc medimn containing kanamycin transgenic plants were produced. 

The leaves from control (no inserts) and transgenic plants (with inserts) were analyzed 
for the transgene. DNA was extracted from leaf samples of each of the transformants 
and an untransformed tomato plant. The DNA extracts were quantified by A260 
absorbance. 



Aliquots corresponding to 200 ng DNA from each sample were used in PGR reactions 
for amplifying ERG6 fragmems using oligonucleotide primers corresponding to the 
ERG6 sequence (underlined in F,g. 8). Controls in the PGR inctaded a sample with no 
template DNA and samples of the sense and antisense ERC6 containing binary plasmids 
PCR was performed under non-stringent conditions (55«>C amieali^ temperamre for 2 
mm in each cycle) in 20 cycles and aliquots were electrophoresed on 0.8% agarose gels. 

The primers were selected such that a 1100 bp fragment of the ERG6 DNA would be 
ampUfied (Fig. 8). AU the regenerated transgenic tomato plants (R^ carried this 
fragment as did the plasmid controls. There also is some non-specific amplification 
because of the non-stringent conditions leading to other bands appearing in the 
transformed plants and in the untransformed control. However, the level of these 
ampUfications is significantly less than that of the target fragment. This confirms the 
presence of the ERG6 DNA in the tomato genome. 
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S«o, ^ysis was peribnned „„ ^ ^csaponiflab.e Upid fracUon of 1«,„^ ^ 

ITT";"" - - — P'- 

.nmfomKd w«h the co«n«. TTe r«u]ts ax. shown Table 4. 



Table 4 

Sterol Composition of Tonuto Plants 
(as % total sterol) 



Sterol 


Control 


£KG<5 sense 


ERG6 antisense 






insert 


insert 


Cholesterol 


29 


18 


20 


Cholest-7-cnol 


none 


21 


13 


Stigmasterol 


25 


22 


24 


Sitosterol 


26 


27 


24 


Isofiicosterol 


20 


12 


19 


mg sterol/g fr.wt. 


16 


150 


380 



1^ r«,t conltaed that the ERa6 get. was it^orporated into the transgcmc plants a.,. 
<^ the stero, eotnposid™, ^ ^ ^ ^ 

cbolest-7^,. Which is not present in control ton^ p,.„, ^ ^ 

Characterized by mass spectroscopy. 

A schen.e for the new p«hway introduced into the tomato plants due to the insertion of 
Ihe yeast ERC6 gene is predicted to be as foUows: 

Since b«h .he sense and anasense inserts of the £R«5 gene lead to the accnmulation of 
Cholest-T^nol (VHI,, it is Ultcly that in both cases there is a suppression of 
endogeno. SMT activities. Ws wiu lead to a shunt o, carbon flow into an altema« 
--or pathway pr^ f„, where the firs, step m cydoartenoi 

-cabohsm is a redncdon of the C-24 double bond by a reductase enzyme TTe 
r-iting sterol, which is c,d„ar»noI (DO. wiU then undergo the usual demethylation 
"omerizadon, desamradon and reducdon just as in the main paUtway leading to the 

■A2- 
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formation of cholest-7-«nol. This is a A^-steroi and the double bond at C-5 is absent, 
^ggcsting that some insects will not be able to utilize this sterol to complete their life 
cycles. 





10 The regencrant (Ro) plants were allowed to flower and set fruit. Seeds were collected, 
and the following generation (R,) was grown. Individual plants arising from seeds were 
assayed for the presence or absence of the selectable marker (NPT2) via ELISA assay 
for the NPT2 protein. Fifty-three plants from six Rj progeny and a nontiansgenic plant 
were analyzed for sterol composition. The sterol profiles of these plants could be 

15 divided into four distinct groups, or phenotypes: 
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Tabic 5 



Means and standard deviations (Std) of sterols (as percent of total sterols) 
of Ri plants in the four classes of progeny identified. 



Phenotype 



1 



2 



3 



4 



Me am 



Std 



Mean 



Std 



Mean Std Mean 



Std 



Sterol 
Cholesterol 
Campesterol 



7.62 2.54 6.20 2.77 4.93 1.14 8.60 2.97 
4.17 3. IS 16.60 11.24 4.50 1.95 6.60 4.83 



Stigmasterol 13.14 3.13 12. BO 5.26 8.86 1.41 22.60 1.14 

Sitosterol 11.48 2.86 11.60 2.19 9.57 1.87 16.60 3.91 

Isofucosterol 13.14 2.08 7.60 3.71 9.86 2.32 14.40 4.98 

b-Anryrin 12.52 3.90 9.75 5.91 10.36 3.95 8.80 1.79 

Cycloaurtenol 31.76 5.67 31.60 4.72 49.36 4.91 28.80 6.98 

24 (28) -methylene 1.14 1.46 6.80 6.61 2.17 2.12 2.00 2.00 
cycloartamol 



All of the R, plants which tested negative for the NPT2 marker (and were therefore 
non-transgenic segtegants) as well as the nontransgenic control plant displayed the 
normal phenotype (Phenotype 1). The R, plants which tested positive for the NPT2 
marker (and were therefore transgenic) fell into all four classes. A statistical 
comparison was conducted for each sterol (using the arcsin transformation of the percent 
sterol levels; Student-Neimian-Keuls Test, 5% significance level), and a qualitative 
svmraiary of the results is given below: 
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Table 6 

Conqjarison of sterol phenotypes (Phenotypcs 2. 3 and 4 versus normal Phenotype 1) 



Sterol 


Phenotype 1 


Phenotype 2 


Phenotype 3 


Phenotjrpe 4 


Cholesterol 


Normal 


Normal 


Low 


Normal 


Campesterol 


Normal 


High 


Normal 


Normal 


Stigmasterol 


Normal 


Normal 


Low 


High 


Isofucosterol 


Normal 


Low 


Low 


Normal 


p-amyrin 


Normal 


Normal 


Normal 


Normal 


Cycloartenol 


Normal 


Normal 


High 


Normal 


24(28)- 


Normal 


Normal 


Normal 


Normal 


methylene 










cycloartanol 










Sitosterol 


Normal 


Normal 


Normal 


High 



5 The distribution of plants in the various categories (i.e. nontransgenic controls in the 
normal category only and the transgenics plants in all foiu- categories) is consistem with 
the expectations of plants resulting trom transformation with cither an antisense or co- 
suppression construct. Varying levels of suppression can be expected between and 
within progenies, thus leading to varying levels of expression of an altered sterol 

10 phenotype. Therefore, these results are consistent with the transformed £RG6 

gene having a suppressive effect. More specificaUy, phenotypes 2 and 3 accumulate 
intermediates which arc consistent with partial inhibition of the first or second 
methylation activities of sterol mcthyltransferasc in the biosynthetic pathway. The 
elevated levels of sitosterol and stigmasterol (the normal endproducts) are not consistem 

15 with suppression, and cannot be explained without further study. 

Independent analyses of a subset of these progeny fiuther supports the hypothesis that 
suppression of the SMT gene is being observed in the transgenic lines. Table 7 below 
gives the sterol compositions of nontransformcd and nontransgenic segregants. 
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Table 7 




10 



^^o-poston Of conm,, p^s („:«™s,onn«, pU^ and ™,eoic 



Sterol 
Cholesterol 
AO-Cholcsterol 
I4-0-CH3-A7- 
Choiesterol 
A7-Cholesterol 

14-a-CH3-A8- 3 J 

cholesterol ^ 1-7 1.2 

Zymosterol ig 

A7.24.zyniosterol 5 " "18.0 

24-CH2- - 19 : 5.0 

Cholesterol ^ 12.7 

Campcsterol 2 g 

Desmosterol 2 3 4.3 32 

AO-Campesterol - . 1 ^"^ 

Stigmasterol ig 20 i ^'^ 

AO-Stigmasterol - 21.0 3.6 

Sitosterol 7 ^ 10 

AO-Sitosttrol - . 12.7 5.5 

Isofiicosterol 4 2 ^ 

Cycloartenol 7 ,„ ^ 2.7 1. 2 

24-CH2- 14 11.0 

Cycloartenol " l'*^ 

24<:H2-Uphenol 1 

Obtusifoliol 1 " tr- 1.0 

datoimu OA mt«^„,^ JZplt. S^"'"'"*™" GC-MS. Lmuiof 
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Sterol 
Cholesterol 
AO-CholcsteroI 
14-a-CH3-A''-<aiolesterol 
A''-CbolesteroI 
14-a-CH3-A*-cholestcrol 
Zymosterol 
A''24-Zyinosterol 
24-CH2-Choiesterol 
Can^steroi 
Desnnsterol 
AO-Campesterol 
Stigmasterol 

AO-Stigmasterol 
Sitosterol 

AO-Sitosterol 

Isofiicosterol 

Cycloartenol 

24-CH2-Cycioartenol 

24-CH2-Lophenol 

ObtusifoUol 



Tabic 8 

Sterol composition of transgenic plants from line G3 
G31 G32 G34 G35 G37 G38 G^Q 



12 


10 


g 


10 


s 

O 


1 1 
1 1 


Q 

0 


1 


tr. 


1 


1 


1 




1 
1 


3 












3 


- 


8 


6 


13 


11 


1 




1 


2 


2 










10 


5 


12 








8 


2 




1 








1 
















4 


2 


3 






1 


1 


16 


14 


12 


20 


16 


16 


6 


1 






tr. 








15 


9 


12 


10 


8 


16 


6 


1 


tr. 












4 


2 


2 


2 


2 


1 


1 


26 


41 


36 


40 


44 


41 


41 


1 


3 


3 


4 


4 


4 


4 


2 


3 


2 


tr. 


4 


6 


tr. 


1 


1 


I 


tr. 


2 


3 


tr. 



, , " n.u.-nm aeienmned.. NSF was 

cta^majographcd on TLC plates and bands matching 4-d«me2yi- Z 

^r™^'?^''^'^' «»*^ ^-^^ frcT^ plat 

»^ c^muned further by chromatography on 3% SE-30 columns anJ (S 
MS. Lmin of detection is 0.1 mg sterol per leaf sample 
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Table 9 

Sterol composition of plants from line G5 

Plant G51 G52 G53 GS4 G S6 GS7 G58 GS9 G510 

Sterol ~~ ~ ~ 

Cholesterol 13 5 6 11 16 11 4 15 5 

AOOiolestcrol 1 1 1 1 1 tr. tr. 1 1 

14-a-CH3-A"'-Cholesterol 1 3 1 2 6 5 2 4 1 

A^-Cholesterol 

14-a-CH3-A8-choiesterol - 1 tr. tr. 1 tr. tr. 1 i 

Zymosterol - 

A^>24.Zymosterol 

24-CH2-CholesteroI - -34-166 

Campestcrol 8 15 4 2 1 2 2 3 19 

Dcsmosterol - - - - 2 - - 

A<>-Campesterol -1 j 

Stigmasterol 20 6 10 13 20 17 4 11 6 
A<>-Stigmasterol - - tr. tr. - tr. - - 1 

Sitosterol 21 11 7 9 9 8 3 U 1 
A°-Sitosterol - tr. 1 tr. - tr. tr. 1 i 

Isofticosterol 1 1 1 1 1 8 1 2 i 

Cycloaitenol 34 48 58 52 41 47 49 35 43 
24-CH2-Cycloartenol 1 4 6 5 1 1 28 10 14 

24-CH2-Lophenol 1 3 1 tr. - tr. 1 tr. 4 

Obtusifoliol tr. 1 1 tr. - tr. tr. tr. 1 

-dash lines means not detected; tr. is trace; N.D.-not detennined.. NSpTas 
chromatographed on TLC plates and bands matching 4-desmeihyI-, 4-moiioniethyl and 4 4- 

<tanethyl sterol standards were eluted from the plate and examined ftmher by 
chromatography on 3% SE-30 cohmms and GC-MS. Limit of detection is 0.1 me sterol 
per leaf sample. * 
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10 



Table 10 

Sterol composition of plants from line G6 



Plant G63 G65 G 66 G67 G68 G69 r^in 

Sterol ' " ~ 



Cholesterol 

AO-Cholesterol 

14-a-CH3-A7<aiolcstcrol 

A^-Cholesterol 

14-a-CH3-A8-cholesterol 

Zymosterol 

A7.24.2yinostey(jj 

24-CH2-Cholesterol 

Campesterol 

Desmosterol 

A^-Campesterol 

Stigmasterol 

AO-SiigmasteroI 

Sitosterol 

AO^itostcrol 

Isofucosterol 

Cycloartenol 

24-CH2-Cycloartcnol 

24-CH2-Lophenol 

Obtusifoliol 



tr. 


1 

1 


I 


1 


tr. 


tr. 


1 


2 


2 


5 


1 


I 


3 


1 


1 


1 


1 


1 


tr. 


1 


1 


2 


tr. 


tr. 










18 


3 


1 


3 


20 


1 


3 


tr. 




tr. 


tr. 


1 






10 


7 


11 


8 


5 


6 


7 


tr. 


tr. 


1 


tr. 


tr. 


tr. 


tr. 


13 


7 


7 


9 


8 


4 


7 


tr. 


1 


tr. 


1 


tr. 


Tr 


tr. 


2 


2 


1 


1 


1 


tr. 


2 


30 


61 


61 


61 


39 


72 


70 


12 


8 


3 


6 


20 


7 


1 


2 














1 















luws means not detected; ir. is trace; N.D.-not detennined.rNSFlTas 
<*«Mnatogr^)lied on TLC plates and bands matching 4-dcstnethyl- 4- 
monomeAyl and 4.4^thyl sterol standards were cluted from the pUie' and 
examined further by chromatography on 3% SE-30 columns and GC-MS 
Lumt of detection is 0. 1 mg sterol per leaf san^le. 



These analyses indicate that cycloartenol levels of many of the transgenic plants are 
significanUy elevated compared to controls. The cycloartenol levels achievable by this 
approach are at or above the level of nonutilizable sterol necessary to have a detrimental 
15 effect on msects. as demonstrated in Example 10 below. In addition, the results are 
consistent with successful in vivo suppression of the first methylation catalyzed by SMT. 
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Example 10 Sterol utilizarion and metabolism bv Heliothis zea 

■Several sterols were isolated from nature or prepared synthetically to feed to the insects. 
An in vivo model was used involving Heliothis zea, cultured on a synthetic mediimi that 
was devoid of sterol, except for the test sterol added to the diet. Cycloartenol and 
5 several 24-methyl and -ethyl sterol isomers were found to inhibit insect growth in this in 
vivo model. 

Two important sterols from com, 24-methyl cholesta-5,23-dieiioi and 24-mcthyl 
cholesta-5,25(27)-dienol, were found to be non-utilizablc. The 9, 19-cyclopropyl sterol 
10 was also non-utilizable, as were the A^^'- and A^^-24-alkene sterol isomers. 

Heliothis zea (com earworm) was reared on an artificial diet treated with different sterol 
supplements to study the relation between sterol structure and utilization in insects. H. 
zea eggs were used to establish a disease-free stock colony. 

15 

The stock insects were reared using sterile procedures on a pinto bean-based diet. 
Moths were fed 10% sucrose. Cultures were maintained at 27±1°C. at 40 ±10% 
relative humidity on a 14:10 light-dark photoperiod and an artificial diet was used to 
rear the insects on different sterol supplements. The experimental diet contained agar, 
20 which is known to contain trace contamination of cholesterol, otherwise the 
experimental diet was sterol-fr^. 

Sterols were sohibilized in acetone. Aliquots of the solutions were added to the sterol- 
free diet in a mortar, the material mixed thoroughly with the diet, and the organic 
25 solvent allowed to evaporate. Sterols were supplied to the medium at 200 ppm 
(equivalent to 1 mg of sterol per experimental vessel containing one insect). 

By day 20, H. zea larva are in the final suge of larval development (sixth instar), after 
which the insects may pupate. A single neonate larva was placed in an experimental 
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culture vial and allowed to grow for 20 days, 
-of 20-day larva were recorded. 



PCT/US97/23495 

The fresh weight, length and instar stage 



5 



10 



15 



20 



25 



In some treatments, the larvae were allowed to grow for another 4 days to determine 
whether they could pupate properly and develop into moth forms. Neonate larvae of H. 
zea faUed to molt to the second instar when sterol was absent from the diet. Some of 
these insects survived for more than 15 days. 

Sterols isolated from the nonsaponifiable lipid fraction extracted from larvae contain 
long chain fatty alcohols. These fatty alcohols may comigrate with sterols during some 
forms of chromatography and interfere with sterol quantitation, particularly of 
cholesterol. Therefore, in order to confirm the identity and amount of cholesterol in the 
insect an aliquot of the NSF was injected into a HPLC column and the fraction 
corresponding to cholesterol was examined by GC-MS. 

Larvae did not develop on a sterol-less medium. A^-sterols substituted at C-24 in the 
side chain with hydrogen, methylene, E- or Z-ethylidene. or a- or b-cthyl groups, 
cholesterol, 24(28)-methylenecholesterol. sitosterol. isofucosterol. fucosterol! 
clinonasterol. and stigmasterol supported larval growth to late-sixth instar. These 
sterols are referred to as "utilizable" sterols (Table 11 and Fig. 9). In each of the 
incubations, the major sterol recovered from the larvae was cholesterol, showing that H. 
zea operates a typical insect 24-dealkylation sterol pathway. 

In confrast, the sterol requirement of H. zea could not be met satisfactorily by 
derivatives of 3P-cholestanol with a 9p,19-cycIopropyI group, geminal dimethyl group 
at C-4 (e.g.. cycloartenol and lanosterol), A«-bond, or by side chain modified derivatives 
that contamed the foUowing structural features: A^>-24-methyl or 24-ethyl group, 
A^^-24-methyl or 24-ethyl group, or A^-24p-ethyl group. These are referred to as 
"nonutilizable" sterols (Table 11 and Fig. 9). 
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The major sterol recovered from larvae which developed on nonutilizable sterols was the 
4est sterol added to the medmm. Con^tition experiments using different proportions of 
cholesterol and 24, 25-dihydrolanosterol (from 9/1 to 1/9 sterol mixmres) indicated that 
abnormal development of H. zea may be induced on < 1 to 1 sterol mixtures of 
5 utilizable and nonutilizable compounds (Table 12). Sterol absorption was related to the 
degree of sterol utilization and metabolism. 



10 



Table 11 

Effect of sterols on growth and metabolism by Heliothis zea 



Sterol 
supplement 



Entry Growth 



Instar 



Total 



Sterol 



No. response reached by sterol composition' 
day 20 rag/insect (as % total 
sterol) 



Utilizable 
sterols 

Cholesterol 

24(28)- 

Methylene- 

clKilesteroI 

Fucosterol 



Isofiicosterol 

Sitosterol 

Clionasterol 

(50/50) 

Stigmasterol 



1 
2 

4 

3 

5 
6 



100 
100 

100 
100 

100 
100 

100 



6 
6 

6 
6 

6 
6 



56 cholesterol 

59 ts/cholesterol 
(16/84) 



71 ts/cholesterol 
(10/90) 

52 ts/desmosterol/ 
cholesterol 
(8/14/78) 

66 ts/cholesterol 
(20/80) 

43 ts/cholesterol 
(14/84) 
(75/25) 

27 ts/desmosterol/ 
cholesterol 
(15/1/84) 



N nutilizable 
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Sterol Entry Growth Instar Total Sterol 

supplement No.' response^ reached by sterol composition' 

day 20 mg/insect (as % total 
sterol) 



sterols 

Cholest-8-cnol 

24-Dehydro- 
pollinastanol 

24-Methyl- 

cholesta- 

5,23-dienol 

24-Ethyl 
cholesta- 

5.23- dienol 

24-Methyl 
cbolesta- 

5.24- dienol 

24-Ethyl 
cholesta- 
5,24-dienol 

Qereosterol 
Ergosterol 



Cycioartcnol 

Lanosterol 

24-Dihydro- 
lanosterol 



13 
14 

10 
12 



11 

8 
15 



17 
16 
18 



5 
5 

50 

20 



10 

20 
30 



ND ND 

0.6 ts/cholesterol 
(86/14) 

6 ts/cholesterol 
(80/20) 

3 ts/cholesterol 
(86/14) 

1 ts/cholesterol 
(65/35) 



ND 

3 
5 



ND 
ND 
ND 



ND 



ts/cholesterol 
(80/20) 

ts/7-dehydro- 
cholesterol/ 
cholesterol 
(36/41/23) 

ND 

ND 

ND 



Structures of sterols are reported in Fig. 9. 

Growth on cholesterol produced Urvac thai at 20 days weighed, on average, 323 mg and were 30 
mm long. Generally 16 to 20 insects survived on cholesterol lo pupate and develop into adult 
moths. The growth responses on test sterols are relative to the growth on cholesterol which is 
nonnalized to 100%. 24-inethyl chDlesu-5,23-dienol was found to suppon pupations and adult 
modi formanoo. However, these insects e:dubited congenital deformities. Insects in the 
nonutilizable category generally weighed less than 100 mg per insect and their length ranged fhmi 
2 to IS mm, with 6 to 12 insects alive at day 20. 

Sterols isolated from insea tissues, after die gut was purged of its contents, were analyzed bv RP- 
HPLC and GC-MS. 
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ND 
u 



Not detenniued. 
Total sterol. 



10 



The most effective sterols were absorbed and incorporated into tissues from 27 to 66 mg 
per insect, whereas the least effective sterols were absorbed and incorporated into 
tissues from 0.6 to 6 mg per insect. These studies demonstrate that: (i) H. zea 
discrimmates structural modifications in the sterol nucleus and side chain, (ii) the 
pathway of phytostcrol dealkylation to cholesterol involves a high degree of regio- and 
stero-selectivity, and (iii) com produces several of the nonutilizable sterols described 
herein. 



15 



Table 12 

Utilization of 24-dihydrolanosterol (nonutilizable) 
sparred with cholesterol (utilizable) by Heliothis zea 



Sterol mixture 
(ratio) 



Entty 
No. 



Growth Instar Total Sterol composition 
response reached sterol (As % total sterol) 
by day 20 mg/insect 



Cholesterol l loo 

(100%) 

Cholestcrol/24,25- 1/18 100 

dihydrolanosterol 

sterol (90:10) 

Cholesteroiy24,25- 1/18 100 

dihydrolanosterol 

sterol (70:30) 

Cholesterol/24,25- 1/18 70 

dihydrolanosterol 

sterol (50:50) 

Cholesterol/24,25- 1/18 30 

dihydrolanosterol 

sterol (30:70) 

Cholesterol/24,25- 1/18 10 

dihydrolanosterol 

(10:90) 



6 56 cholesterol 

(100%) 

6 45 choIesteroI/24,25- 

dihydrolanosterol 
(93:7) 

6 36 cholesterol/24,25- 

dihydrolanosterol 
(88:12) 

6 25 cholesterol/24,25- 

dihydrolanosterol 
(75:25) 

3 12 cholestcroy24,25- 

dihydrolanosterol 
(50:50) 
3 ND ND 



Indicates the structures in Fig. 9. 
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The minimal dietary concentration of cholesterol necessary for larvae to grow and 
pupate is 0.01% of the experimental diet. This level of cholesterol does not support a 
rapid rate of molting as did higher levels of cholesterol. However, diets of 0.015% 
5 cholesterol or more enhanced the rate of development of larvae. Therefore, a slightly 
higher amount of dietary sterol (0.02%) was used to insure that a non-limiting amovmt 
of sterol (alone or as a mixture) was available in the experimental diet, or no sterol was 
added to the diet to act as a control. 

10 In all larvae treated with non-uiilizable sterols, there were trace amounts of cholesterol 
that ranged firom 80 to 350 nanograms of cholesterol per insect depending on the 
treatment. This source of cholesterol most likely results from carryover of cholesterol 
in the egg (we detected ca. 80 ng of cholesterol per egg) and from absorption of trace 
levels of cholesterol originally present in the agar. 

15 

As the insect increases in size, the insect may accumulate increasing amounts of 
cholesterol from the agar diet. Cholesterol obtained in this manner may serve as a 
precursor for ecdysteroid synthesis. The different effectiveness of the pair of isomers 
sitosterol/dionastcrol and isofiicosterol/fucosterol, in growth support and in their active 
20 metabolism to cholesterol indicates that the 24-dcalkylation pathway may operate 
stereoselectively . 



Developmental outcomes of H. zea larva that proceeded into moths were compared. 
One insect was reared on a utilizable (cholesterol treatment) sterol and the other 
25 msect(s) was reared on a non-utilizable (24-methyl cholesta-5,23-dienol treatment) 
sterol. 

Most of dje insects reared on non-utilizable sterols failed to develop beyond the third 
instar (Table 1 1), indicating they were ineffective cholesterol surrogates and harmful to 
growth and development. Some of the non-utilizable sterol treatments were found to 
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pupate and develop into moths. However, these moths possessed incompletely 
developed wings and legs. 

Table 11 and Fig. 9 show that the position of the double bond in the sterol side chain 
and nucleus is critical to sterol-controlled growth. The mabiUty of cholest-8-enol to 
suppon growth suggests that H. zea cannot transform 9p,19-cyclopropyl sterols to 
A'-sterols. Cyclopropyl sterols must pass through an A'-stcrol intermediate to give rise 
to a A^-sterol. Blocking this process wiU lead to the formation of non-utUizable sterols. 
These results mdicate for the first time that several sterols synthesized by com should 
be unsxiitable as sterol replacements of cholesterol. 

AU of the conqx)sitions and methods disclosed and claimed herein can be made 
and executed without undue experimentation in light of the present disclosure. While 
the compositions and methods of this invention have been described in terms of 
preferred embodiments, it wiU be apparent to those of skiU m the art that variations may 
be applied without departing from the concept, spirit and scope of the invention. More 
specifically, it will be apparent that certain agents which are both chemically and 
physiologicaUy related may be substimted for the agents described herein while the same 
or similar results would be achieved. AU such simUar substitutes and modifications 
apparent to those skilled in the art are deemed to be within the spirit, scope and concept 
of the invention as defined by the appended claims. 
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10 



40 



SEQUENCE LISTING 

(1) aKNKRAIi INFORMATION: 

<i) APPLICANT: NES, DAVID W. 

(ii) TITLE OF INVENTION: TRANSGENIC PLANTS WITH MODIFIED STEROL 
COMPOSITIONS 

(ill} NOMBEK OF SEQUENCES: 6 



(iv) CORRESPONDENCE ADDRESS: 

(A) ADDRESSEE: ARNOLD. WHITE & DURKEE 
15 (B) STREET: P.O. BOX 4433 

(C) CITY: HOUSTON 

(D) STATE: TX 

(B) COUNTRY: USA 
(F) ZIP: 77210-4433 

20 

(V) COMPUTER READABLE FORM: 

CA) MEDIUM TYPE: Floppy disk 

(B) COMPUTER: IBM PC compatible 

(C) OPERATING SYSTEM: PC-DOS /MS-DOS 

25 (D) SOFTWARE: PatentIn Release #1.0, Version #1.30 

(vi) CURRENT APPLICATION DATA: 

(A) APPLICATION NUMBER: US SO/033.923 

(B) FILING DATE: 26-DEC-199G 
30 (C) CLASSIFICATION: 

(viii) ATTORNEY/ AGENT INFORMATION: 

(A) NAME: KAMMERER. PATRICIA A. 

(B) REGISTRATION NUMBER: 29,775 

35 (C) REFERENCE /DOCKET NUMBER: MOBT148 

(ix) TELECOMMUNICATION INFORMATION: 

(A) TELEPHONE: 713/787-1400 

(B) TELEFAX: 713/787-1440 



(2) INFORMATION FOR SEQ ID NO:l: 



(i) SEQUENCE CHARACTERISTICS: 
45 (A) LENGTH: 1320 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : double 

(D) TOPOLOGY: linear 

50 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 1 : 
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TTACTTTCGA TTTAAGTTTT ACATAATTTA AAAAAACAAQ AATAAAATAA TAATATAGTA 
60 

GGCAGCATAA GATGAC3TGAA ACAGAATTOA GAAAAAGACA GGCCCAATTC ACTAGGGAOT 
5 120 

TACATGGTGA TGATATTGGT AAAAAGACAQ GTTTGAGTOC ATTGATGTCG AAGAACAACT 
180 

10 CTGCCCAAAA GGAAGCCGTT CAGAAQTACT TGAOAAATTG GGATGGTAGA ACCGATAAAG 
240 

ATGCCGAAGA ACGTCGTCTT GAGOATTATA ATGAAGCCAC ACATTCCTAC TATAACGTCG 
300 

15 

TTACAGATTT CTATGAATAT GOTTGGGGTT CCTCTTTCCA TTTCAGCAGA TrTTATAAAO 
360 

GTOAGAaTTT CGCTGCCTCG ATAGCAAGAC ATGAACATTA TTTAGCTTAC AAGGCTGGTA 
20 420 

TTCAAAOAOG CGATTTAGTT CTCGACGTTG GTTGTGGTGT TGGGGGCCCA GCAAGAQAGA 
480 

25 TTGCAAOATT TACCGGTTGT AACGTCATCG GTCTAAACAA TAACGATTAC CAAATTQCCA 
540 

AGGCAAAATA TTACGCTAAA AAATACAATT TGAGTGACCA AATGGACTTT GTAAAGGGTG 
600 

30 

ATTTCATQAA AATGGATTTC GAAGAAAACA CTTTCGACAA AGTTTATGCA ATTGAGGCCA 
660 

CATGTCACGC TCCAAAATTA GAAGGTGTAT ACAGCGAAAT CTACAAGGTT TTGAAACCGG 
35 720 

GTGGTACCTT TGCTGTTTAC GAATGGGTAA TGACTGATAA ATATGACGAA AACAATCCTG 
780 

4 0 AACATAGAAA GATCGCTTAT GAAATTGAAC TAGGTGATGG TATCCCAAAG ATGTTCCATG 
840 

TCOACOTGOC TAGGAAAGCA TTGAAGAACT GTGGTTTCGA AGTCCTCGTT AGCGAAQACC 
900 

45 

TGGCGGACAA TGATGATGAA ATCCCTTGGT ATTACCCATT AACTGGTQAG TGOAAGTACG 
960 

TTCAAAACTT AGCTAATTTG GCCACATTTT TCAGAACTTC TTACTTGGGT AGACAATTTA 
50 1020 

CTACAGCAAT GGTTACTQTA ATGGAAAAAT TAGGTCTAGC CCCAGAAGGT TCCAAGGAAG 
1080 
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TTACTGCTGC TCTASAAAAT GCTGCGGTTG aTTTAGTTQC CGGTOOTAAO TCCAAGTTAT 
1140 

TCACTCCAAT GATGCTTTTC GTCGCTAGGA AGCCAGAAAA CGCCQAAACC CCCTCCCAAA 
5 1200 

CTTCCCAAGA AGCAACTCAA TAAATTCACT AGATCAATAA OATTCAAATA AAGCGCACGA 
1260 

10 TATATACCTA TTTTCCTATA TATGCAGATA AAAAOATAGC ACGTTCATTG CTAGCAGGCC 
1320 



15 



(2) INFORMATION FOR SEQ ID NO: 2: 



(i) SEQDENCE CHARACTBRISTICS : 

(A) LENGTH: 3 83 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

20 (D) TOPOLOGY: linear 



25 



30 



(Xi) SEQUENCE DESCRIPTION: SEQ ID NO:2: 

Met Ser Olu Thr Glu Leu Arg Lys Arg Gin Ala Gin Phe Thr Arg Glu 
is 10 15 

Leu His Gly Asp Asp lie Gly Lys Lys Thr Gly Leu Ser Ala Leu Met 
20 25 30 

Ser Lys Asn Asn Ser Ala Gin Lys Glu Ala Val Gin Lys Tyr Leu Arci 
35 35 40 45 

Asn Trp Asp Gly Arg Thr Asp Lys Asp Ala Glu Glu Arg Arg Leu Glu 
50 S5 60 



40 



45 



50 



55 



Asp Tyr Asn Glu Ala Thr His Ser Tyr Tyr Asn Val Val Thr Asp Phe 



65 70 75 



80 



Tyr Glu Tyr Gly Trp Gly Ser Ser Phe His Phe Ser Arg Phe Tyr Lys 
85 90 95 

Gly Glu Ser Phe Ala Ala Ser He Ala Arg Hia Glu His Tyr Leu Ala 
100 105 110 

Tyr Lys Ala Gly He Gin Arg Gly Asp Leu Val Leu Asp Val Gly Cys 
lis 120 125 

Gly Val Gly Gly Pro Ala Arg Glu He Ala Arg Phe Thr Gly Cys Asn 
130 135 140 

Val He Gly Leu Asn Asn Asn Asp Tyr Gin He Ala Lys Ala Lys Tyr 
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145 

Tyr Ala Lys Lya 

5 

Asp Phe Met Lys 
180 

Ala He Glu Ala 

10 195 

Glu lie Tyr Lys 
210 

15 Trp Val Met Thr 

225 

lie Ala Tyr Glu 

20 

Val Asp Val Ala 

260 

Val Ser Glu Asp 

25 275 



150 

Tyr Asn Leu Ser Asp Oln 
165 170 

Met Asp Phe Glu Glu Asn 
185 

Thr Cys His Ala Pro Lys 
200 

Val Leu Lys Pro Gly Gly 
215 

Asp Lys Tyr Asp Glu Asn 
230 

He Glu Leu Gly Asp Gly 
245 250 

Arg Lys Ala Leu Lys Asn 
265 

Leu Ala Asp Asn Asp Asp 
280 



155 ISO 

Met Asp Phe Val Lys Gly 
175 

Thr Phe Asp Lys Val Tyr 
190 

Leu Glu Gly Val Tyr Ser 
205 

Thr Phe Ala Val Tyr Glu 
220 

Asn Pro Glu His Arg Lys 
235 240 

He Pro Lys Met Phe His 
255 

Cys Gly Pile Glu Val Leu 
270 

Glu He Pro Trp Tyr Tyr 
285 



Pro Leu Thr Gly Glu Trp Lys Tyr Val Gin Asn Leu Ala Asn Leu Ala 
290 295 300 

30 Thr Phe Phe Arg Thr Ser Tyr Leu Gly Arg Gin Phe Thr Thr Ala Met 

305 310 315 320 

Val Thr Val Met Glu Lys Leu Gly Leu Ala Pro Glu Gly Ser Lys Glu 
325 330 335 

35 

Val Thr Ala Ala Leu Glu Asn Ala Ala Val Gly Leu Val Ala Gly Gly 
340 345 350 



Lys Ser Lys Leu Phe Thr Pro 
40 355 

Glu Asn Ala Glu Thr Pro Ser 
370 375 

45 (2) INFORMATION FOR SEQ ID NO:3: 



Met Met Leu Phe Val Ala Arg Lys Pro 
360 365 

Gin Thr Ser Gin Glu Ala Thr Gin 
380 



(i) SEQUENCE CHARACTERISTICS: 

(A) X.BNGTH: 1420 base pairs 

(B) TYPE: nucleic acid 
50 (C) STRANDBDNESS : double 

(D) TOPOLOGY: linear 



55 
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(Xi) SEQOEMCE DESCRIPTION: SEQ 



ID KO : 3 : 



^ "^""Tn o,^„„ crcT.^. 

™CCO CTCCCTCCT C=CCC.a»T .^.cT^o, ^^^^ 

10 ocx^^cc. ««c«»co 



15 



OTCc«o»c» ^^^^ ^^^^^ 

occa*.^ T.cc««„ eax=o.=»„ ^^^^^ 

T^,<«a «C«KCTT CC^^c C«TC«TC= CO^^ 

3.™. r,^^ ^^^^^^ ^^^^ 

25 rco«T.c=c tot™ ccctoc^. co»ttc«tc x«™ 

«oa.™c. ^ra^ c««.ctcox ctc„c«.. 

JJJ««:t=o ^„ ^^^^^ ^^^^ 



30 



3^ ™-.XT C„T«»«=c CACO^™,, 

Too«3«^ 

40 ^^^^ 

^^^^^ ^^^^^^^^^^^^^^ 

45 

^=CT««. <«T,^ «„T«T=» c«CC03C« 
50 t^f "'^"^ «^<^" <=0c™^;, 

ct™. 
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rOTTT^C XaCTC^.^. ^.^^ ^^^^^^ 

ATATCATTCT CTOC;^^ CCO^C C^^O.^ ^CH^ 
CAAACAXOVC CO<^OT TTC^^ c^^^tTT TT^TTAA. 

^CTTOOT T^TTCXACTA .C^„,„, 

^TTTTTTT^ CTTrrc^C ATATC^T CTTACTC^ ATOTCTCCGC CCTAGACCCO 
OCOAOACATA ^^^^ ^^^^^^ 

AAAATAAAAT GTACTTAGGT QTCGAAAAAA AAAGGAATTC 

(2) INFORMATION FOR SEQ ID N0:4: 

(i) SEQUENCK CHARACTERISTICS: 

(A) LENGTH: 351 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 



25 30 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 4: 

Met ASP ser Leu Thx Leu P.e Phe Thr Gly Ala Leu Val Ala Val Gly 
lie ry. T.P p.e .eu Cys Val Leu Gly P.o Ala Glu Ar, Lys Gly Lys 

Arg Ala Val Asp Leu Ser Gly 
35 

ASP Asn Tyr Lys Gin Tyr Trp Ser Phe Phe Arg Arg Pro Lys Glu He 

^= 60 
Glu Ma =lu val P.o «p p,. ^ 

80 

val ASP lie Tyr Glu Trp Gly Trp Gly Gin Ser Phe His Phe Ser 

90 35 

Pro ser He Pro Oly Lys Ser His Lys Asp Ala T.r Arg Leu His Glu 
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Glu Met Ala Val Asp Leu He Gin Val Lys Pro Gly oin Lys He Leu 
115 120 125 

Asp yal Gly Cys Gly Val Gly Gly Pro Met Arg Ala He Ala Ser His 
130 135 



ser Arg Ala ABn Val Val Gly He Thr He Asn Qlu Tyr Gin Val Asn 
150 155 ^gjj 

Arg Ala Arg Leu His Asn Lys Lys Ala Gly Leu Asp Ala Leu Cys Glu 

170 j^^g 

val val cys Gly Asn Phe Leu Oln Met Pro Phe Asp Asp Asn Ser Phe 
180 185 190 

Asp Gly Ala Tyr Ser He Qlu Ala Thr Cys His Ala Pro Lys Leu Glu 
195 200 205 

Glu yal Tyr Ala Glu He Tyr Arg Val Leu Lys Pro Gly Ser Met Tyr 
210 215 220 

val ser Tyr Glu Trp Val Thr Thr Glu Lys Phe Lys Ala Glu Asp Asp 
230 235 240 

Glu His Val Glu Val He Gin Gly He Glu Arg Gly Asp Ala Leu Pro 
245 250 255 

Gly Leu Arg Ala Tyr Val Asp He Ala Glu Thr Ala Lys Lys Val Gly 



260 265 



270 



Phe Glu He val Lys Glu Lys Asp Leu Ala Ser Pro Pro Ala Glu Pro 
275 280 285 

Trp Trp Thr Arg Leu Lys Met Gly Arg Leu Ala Tyr Trp Arg Asn His 

295 300 

He val val Gin He Leu Ser Ala Val Gly Val Ala Pro Lys Gly Thr 

315 ^320 



val Asp Val His Glu Met Leu Phe Lys Thr Ala Asp Cys Leu Thr Arg 
325 330 335 

Gly Gly Qlu Thr Gly He Phe Ser Pro Met His Met He Leu Cys Arg 



340 345 

Lys Pro Glu Ser Pro Glu Glu Ser Ser 
355 360 

(2) INFORMATION FOR SEQ ID NO:S: 

(i) SEQUENCE CHARACnailSTICS : 

(A) LENGTH: 132 0 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : double 
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(D) TOPOLOGY: linear 

5 

(xl) SBQUKNCE DESCRIPTION: SEQ ID NO: 5: 

TTACTTTCGA TTTAAGTTTT ACATAATTTA AAAAAACAAG AATAAAATAA TAATATAOTA 
10 60 

GGCAGCATAA GATGAGTGAA ACAGAATTGA GAAAAAGACA GGCCCAATTC ACTAGOGAOT 
120 

15 TACATGGTGA TGATATTGGT AAAAAGACAG C3TTTGAGTGC ATTQATQTCQ AA13AACAACT 
180 

CTGCCCAAAA GGAAGCCGTT CAGAAGTACT TGAGAAATTG QGATGOTAGA ACCGATAAAG 
240 

20 

ATGCCGAAGA ACGTCGTCTT GAGGATTATA ATGAAGCCAC ACATTCCTAC TATAACGTCG 
300 

TTACAGATTT CTATGAATAT GGTTGGGGTT CCTCTTTCCA TTTCAGCAGA TTTTATAAAG 
25 360 

GTGAGAGTTT CGCTGCCTCG ATAGCAAGAC ATGAACATTA TTTAGCTTAC AAGGCTGGTA 
420 

30 TTCAAAGAGG CGATTTAGTT CTCGACGTTG GTTGTGGTGT TGOGGGCCCA GCAAGAGAGA 
480 

TTGCAAGATT TACCGGTTGT AACGTCATCG GTCTAAACAA TAACGATTAC CAAATTGCCA 
540 

35 

AGGCAAAATA TTACGCTAAA AAATACAATT TGAGTGACCA AATGGACTTT GTAAAGGGTG 
600 

ATTTCATGAA AATGGATTTC GAAGAAAACA CTTTCOACAA AGTTTATGCA ATTGAGGCCA 
40 660 

CATGTCACGC TCCAAAATTA GAAGGTGTAT ACAGCQAAAT CTACAAGGTT TTGAAACCGG 
720 

45 GTGGTACCTT TGCTGTTTAC GAATGGOTAA TGACTGATAA ATATGACGAA AACAATCCTG 
780 

AACATAGAAA GATCGCTTAT GAAATTGAAC TAGGTGATGG TATCCXAAAG ATGTTCCATG 
840 

50 

TCQACOTGGC TAGGAAAGCA TTGAAGAACT GTGGTTTCGA AGTCCTCGTT AGCGAAGACC 
900 

TGGCGGACAA TGATGATGAA ATCCCTTGGT ATTACCCATT AACTGGTGAQ TGGAAGTACG 
55 960 

-70- 



wo 98/45457 

PCT/US97/23495 

^^^^ ^^^^ 

s » 

— "T OCOCO^ ^^^^ 
^-^=J«=C«T C^«^ ^^^^ ^^^^^ 

-^-^ r^rr^ ^^r^ 
™CT. ™cx™ ^^^^ ^^^^ 



20 



(2) INFORMATION FOR SEQ ID NC:6; 



(i) SEQUENCE CHARACTERISTICS - 

(B) TYPE: nucleic acid 
CC) STRANDEDNESS : double 
(D) TOPOLOGY: linear 



30 



(ix) FEATDRS: 

(A) NAME/KEY: modified base 

(B) LOCATION: 1419 

■jc , OTHER INPORMATIOM- /m~i u 

35 /note- "A or c or G or^ /«od_base. OTHER 



(xl) SEQUENCE DESCRIPTION: 



SEQ ID NO: 6; 



« ^^^^^^ ^^^^ 

""'^ -™ c-o^^ 

^^^^^ ^^^^ 



50 "^^'^'^ ""«»<™ ATAT«^„ 



TAAATACTAT GATCTTGCCA 



-«ctt™ xo^v^^, ^^^^^ ^^^^ 
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«TCCXT.C= ^^^^ 
^ :jf^- -TO^ _^ ^^^^ 

c«c«^« ^^^^^ ^^^^^^ ^^^^^ 

TC.™ ^^^^^ ^^^^^ 

.^roCCC T<»^c«TT „=T«CT«. ^^^^ 
C=«T^ ^^^^^^ ^^^^^ 

^^^^ ^^^^^^ 

2S cac«™^ ccc^c.™ «^eco 

CJ«««„C TCCCTT.CCT X.„T«^ CCTT==^ CA=CC=»T.C TCACT.»„. 
™tc= ^^^^^ 

35 tSr^" «=t=xct;>ct TTTc™a«= 

^CT=,T «»c^ ^^^^^ ^^^^^^ ^^^^ 

" ^^^'^ C^TTT,^ 



ATTTC««» 

45 

TT«CO«C. CT=T«T„C T^^c^^cTC TCT.„,„ 

50 S^"^ t™,«tg«o o=ttc=o«.c crrTTccc ta«cctctc 

™t« ^^^^^ ^^^^^ 
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^^^^^ ^^^^^ 



^ J^JfTTAAT ATi^C^ j,,^^^ 



AAAAAAA 
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WHATisry.^^p y«T 

1 ■ A double stranded DNA molecule comprising: 

a promoter which functions in plants to cause the production of an RNA sequence 
operably linked to 

a DNA coding sequence which encodes an en^y™ which bind, a fet s^l and 

produces a second sterol, operably Unked lo 
a 3' non-«nslattd region which causes U,e polyadenylaUon of 3' end of the 

RNA sequ^ice; wherein the promoter is heterologous Witt respect .„ tt« DNA 

sequence. 

2. The DNA molecule of claim 1, whereh. the DNA coding sequence is m the sense 
orientation. 

3. The DNA molecule of claim 1, wherein the DNA ceding sequence is in a. 
antiscnse orieirtation- 

4. The DNA molecule of cUim 1 , wherein the first sterol is selected torn the group 
consis^ng Of 4-methy. sterol. 9p,I9^c.„propyl sterol, .'-sterol. :4<.-methyl sterol. 
A .24-alkyl sterol. 4".24-alkyl sterol and A""'.24-antyl sterol. 

J. The DNA molecule of claim 1, wherein the first or second sterol lacks a A= 
group. 

6. Tlte DNA molecule of claim 1, whereh. the DNA codmg sequence encodes an 
selected fiom the group cot^isting of a S-adenosyl-L-m«hionine-A«->-ste,ol 
^yl ^ansferase. a demethylase. a cycloeucalenol to obtusifoUol-isomerase. a 
14«-methyl demethyUse. a a' to A'-isomerase. a A'-C-S^amrase and a 24 25- 
reductase. 

^. Tte DNA molecule of claim 1, wherein the DNA coding sequence encodes an S- 
adciiosyl-L-methionine-A"<^-sterol methyl transferase (SMT). 
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10- The DNA according to claim 7, wherein the Slur • 

' '^""'^"i ™e SMT IS yeast ERG6. 

5 

n. ■^■^e«^Ptacompristog 3 doubfe .tended DNA molccn. 

«^"c=,„p.„M,U^„ o, an RNA 

a DNA coding 

^ cnce. Wherein the promoter is hetcroloeous with 
DNA sequence. wrojogous with respect to the 

12. The plam of claim 11, wherein the DNA codin. 

15 orientation. ^"^^ m^ncc is m the sense 

13. The plant of claim 11. wherein the DNA codin. c 

orientation. ^"^^ ''^^"^^'^ in the antisense 

15. The plant of claim 11 wherein tho f . 

11. wherem the first or second sterol lacks a a' group. 

16. The plant of claim 1 1 . wherein the DNA codi.. . 

selected from the eroun ■ ■ ^ ^^^"^ ^ 

m tne group consistmg of a S-adenosyl-L-methionine-A^ . . 
transferase, a C-4 dem*.rh«i. meimomne-A '-sterol methyl 

' ^ -C-5-<Icsaturase and a 24,25-reductase. 
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17. The plant of claim 11, wherein the DNA coding sequence encodes an S- 
«denosyl-L-methionine-A^*^-sterol methyl transferase (SMT). 

18. The plant of claim 17, wherein the SMT is fix)m plants or yeast. 

19. The plant of clann 17, wherein the SMT is derived from Zca mays. Arabidopsis 
5 thaliana or Prototheca wickerhamii. 

20. The plant of claim 17, wherem the SMT is yeast ERG6. 

21. The plant of claim 11, which plant is resistant to an insect, nematode or 
pythiaceous fimgus. 

22. The plant of claim 11, which plant has an increased level of a cholestcrol- 
10 reducing sterol. 

23. The plant of claim 22, wherein the sterol is cycloartenol or sitosterol. 

24. The plant according to claim 11, which plant is resistant to drought, salinity or 
severe cold. 

25. The plant according to claim 11, which plant is a tomato, com or soybean plant. 

15 

26. A process of producing a transgenic plant comprising: 

(a) transforming plant cells with a recombinant DNA molecule comprising: 

a promoter which functions in plants to cause the production of an RNA 
sequence, operably linked to 
20 a DNA coding sequence which encodes an enzyme which binds a first 

sterol and produces a second sterol, operably linked to 
a 3' non-translated region which causes the polyadenylation of the 3' end 
of the RNA sequence; wherein the promoter is heterologous with 
respect to the DNA sequence; 
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(b) — fo™«. p^, ^„ ^^^^ ^ 

molecule; and 

prc^ss of cUta 26. Whereto u« DNA codtog sequ^ ^ ^ ^ 



28. The 
orientation. 



29. The process of claim 26, wherein the first sterol is selected fron, .h- 
A .24-aliyi sterol. A",24-aliy, s«„, A--'.24-,Ucyl sterol. 

30. V« process of cto 26. wh^to the flrs, or second sterol h.cks a A' group. 

tan U>e group consisting of a S-adenosyl-L-n.e.hionine-A-^'.sterol 

rerravr^"''"^-'-— ----^^ 

^".uaciujriase, a A to A -isomerase a <^^^^^ . 

.iomcrase, a A -C-5-<lesamrase and a 24.25-reductase. 

32. The process of claim 26 wherein rhA nxTA 

^o, wnerem the DNA codme sequence encode* c 
adenosy,-L-methioni^A-«3..s,„, ^„ '"^ "^^^ "> 

33. Of Claim 32. Wherein the SMT is fhm, plants or yeast. 

34. The process of claim 32, wherein the SMT is derived fW,™ y 

35. The process of claim 32. wherein the SMT is yeas. 

^ — . Wherein the plant . res^tant to an h^ct. nematode or 
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37. The process of claim 26. wherein the plant has an increased level of a 
-cholesterol-reducing sterol. 

38. The process of claim 37, wherein the sterol is cycloartenol or sitosterol. 

39. The process of claim 26, wherein the plant is resistant to drought, salinity or 
5 severe cold. 

40. The process of cUim 26, wherein the plant is a tomato, com or soybean plant. 
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7/14 

MSETELRKRQ AQFTRELHGD DIGKKTGLSA UyiSKNNSAQK EAVQKYLRNW 

DGRTDKDAEE RRLEDYNEAT HSYYNWTDF YEYGWGSSFH FSRFYKGESF 

AASIARHEHY LAYKAGIQRG DLVLDVGCGV GGPAREIARF TGCNVIGLNN 

NDYQIAKAKY YMCKYNLSDQ MDFVKGDEMC MDFEENTFDK VYAIEATCHA 

PKLEGVYSEI YKVLKPGGTF AVYEWVMTDK YDENNPEHRK lAYEIELGDG 

IPKMFHVDVA RKMiCNCGFE VLVSEDLADN DDEIEWYYPL TGEWKYVQNL 

ANIATFFRTS YIXSIQFTTAM VTVMEKLGIA PEGSKEVTAA LENAAVGLVA 

GGKSKLFTEM MLFVZ^RKPEN AETPSQTSQE ATQ 

FIG. 5A 

TTACTTTCGA TTTAAGTTTT ACATAATTTA AAAAAACAAG AATAAAATAA 
TAATATAGTA GGCAGCATAA GATGAGTGZy^ ACAGAATTGA GAAAAAGACA 
GGCCCAATTC ACTAGGGAGT TACATGGTGA TGATATTGGT AAAAAGACAG 
GTTTGAGTGC ATTGATGTCG AAGAACAACT CTGCCCAAAA GGAAGCCGTT 
CAGAAGTACT TGAGAAATTG GGATGGTAGA ACCGATAAAG ATGCCGAAGA 
ACGTCGTCTT GAGGATTATA ATGAAGCCAC ACATTCCTAC TATAACGTCG 
TTAC AGATTT CTATGAATAT GGTTGGGGTT CCTCTTTCCA TTTCAGCAGA 
TTTTATAAAG GTGAGAGTTT CGCTGCCTCG ATAGCAAGAC ATGAACATTA 
TTTAGCTTAC AAGGCTGGTA TTCAAAGAGG CGATTTAGTT CTCGACGTTG 
GTTGTGGTGT TGGGGGCCCA GCAAGAGAGA TTGCAAGATT TACCGGTTGT 
AACGTCATCG GTCTAAACAA TAACGATTAC CAAATTGCCA AGGCAAAATA 
TTACGCTAAA AAATACAATT TGAGTGACCA AATGGACTTT GTAAAGGGTG 
ATTTCATGAA AATGGATTTC GAAGAAAACA CTTTCGACAA AGTTTATGCA 
ATTGAGGCCA CATGTCACGC TCCAAAATTA GAAGGTGTAT ACAGCGAAAT 
CTACAAGGTT TTGAAACCGG GTGGTACCTT TGCTGTTTAC GAATGGGTAA 
TGACTGATAA ATATGACGAA AACAATCCTG AACATAGAAA GATCGCTTAT 
GAAATTGAAC TAGGTGATGG TATCCCAAAG ATGTTCCATG TCGACGTGGC 
TAGGAAAGCA TTGAAGAACT GTGGTTTCGA AGTCCTCGTT AGCGAAGACC 
TGGCGGACAA TGATGATGAA ATCCCTTGGT ATTACCCATT AACTGGTGAG 
TGGAAGTACG TTCAAAACTT AGCTAATTTG GCCACATTTT TCAGAACTTC 
TTACTTGGGT AGACAAITTA CTACAGCAAT GGITACTGTA ATGGAAAAAT 
TAGGTCTAGC CCCAGAAGGT TCCAAGGAAG TTACTGCTGC TCTAGAAAAT 
GCTGCGGTTG GTTTAGTTGC CGGTGGTAAG TCCAAGTTAT TCACTCCAAT 

GATGcnrrc gtcgctagga agccagaaaa cgccgaaacc ccctcccaaa 
cttcccaaga agcaactcaa taaattcact agatcaataa gattcaaata 
aagcgcacga tatataccta ttttcctata tatgcagata aaaagatagc 

ACGTTCATTG CTAGCAGGCC 

FIG. 5B 
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MDSLTLFFTGALVAVGIYWFLCVLGPAERKGKRAVDLSGGSISAEKVQ 

DNYKQYWSFFRRPKEIETAEKVPDFVDTFYNLVTDIYEW£W£QSFHFS 

P S I PGK S HKDATRLHEEMAVDL I QVKP GQK I L DVGC GVGG PMRA I AS H 

SRANWGITINEYQVNRARLHNKKAGLDALCEWCGNFLQMPFDDNSF 

DGAYS I EATCHAPKLEEVYAE I YRVLKPG SMYVS YEWVTTEKFKAEDD 

EHVEVIQGIERGDALPGLRAYVDIAETAKKVGFEIVKEKDLASPPAEP 

WWTRLKMGRLAYWRNHIWQILSAVGVAPKGTVDVHEMLFKTADCLTR 
GGETGIFSPMHMILCRKPESPEESS 

FIG. 6A 

CTCTCTCTCTCTCTCTCrrGGTCTTCCTCACTCTTAACGAAAATGGACTCTTT 

AACACTCTTCTTCACCGGTGCACTCGTCGCCGTCGGTATCTACTGGTTCCTCT 

GCGTTCTCGGTCCAGCAGAGCGTAAAGGCAAACGAGCCGTAGATCTCTCTGGT 

GGCTCAATCTCCGCCGAGAAAGTCCAAGACAACTACAAACAGTACTGGTCTTT 

CTTCCGCCGTCCAAAAGAAATCGAAACCGCCGAGAAAGTTCCAGACTTCGTCG 

ACACATTCTACAATCTCGTCACCGACATATACGAGTGGGGATGGGGACAATCC 

TTCCACTTCTCACCATCAATCCCCGGAAAATCTCACAAAGACGCCACGCGCCT 

CCACGAAGAGATGGCGGTAGATCTGATCCAAGTCAAACCTGGTCAAAAGATCC 

TAGACGTCGGATGCGGTGTCGGCGGTCCGATGCGAGCGATTGCATCTCACTCG 

CGAGCAACGTAGTCGGGATTACAATAAACGAGTATCAGGTGAACAGAGCTCGT 

CTCCACAATAAGAAAGCTGGTCTCGACGCGCTTTGCGAGGTCGTGTGTGGTAA 

CTTCCTCCAGATGCCGTTCGATGACAACAGTTTCGACGGAGCTTATTCCATCG 

AAGCCACGTGTCACGCGCCGAAGCTGGAAGAAGTGTACGCAGAGATCTACAGG 

GTGTTGAAACCCGGATCTATGTATGTGTCGTACGAGTGGGTTACGACGGAGAA 

ATTTAAGGCGGAGGATGACGAACACGTGGAGGTAATCCAAGGGATTGAGAGAG 

GCGATGCGTTACCAGGGCTTAGGGCTTACGTGGATATAGCTGAGACGGCTAAA 

AAGGTTGGGTTTGAGATAGTGACGGCTAAAAAGGTTGGGTTTGAGATAGTGAA 

GGAGAAGGATCTGGCGAGTCCACCGGCTGAGCCGTGGTGGACTAGGCTTAAGA 

TGGGTAGGCTTGCTTATTGGAGGAATCACATTGTGGTTCAGATTTTGTC^ 

GTTGGAGTTGCTCCTAAAGGAACTGTTGATGTTCATGAGATGTTGTTTAAGAC 

TGCTGATTGTTTGACCAGAGGAGGTGAAACCGGAATATTCTCTCCGATGCATA 

TGATTCTCTGCAGAAAACCGGAGTCACCGGAGGAGAGTTCTTGAGAAAGGTAG 

AAAGGAAACATCACCGGAAAAAGTATGGAGAATTTTCrCAATTTGTTTT^ 

TTTAAGTTAAATCAACTTGGTTATTGTACTATTTT^ 

GTGTTTCAAGAATTATTAGTTTTTTTTTGTTTTGT^ 

TCTTGATTTCTCCGCCGTAGAGCCGGCGAGACATAGGGGATTATTAGTATTTT 

TAAGTGTGTTTAAGATTGATTAACAAGTTAGTAAAATAAAATGTACTTAGGTG 
TCGAAAAAA 

AAAGGAATTC 

FIG. 6B 
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TTACTTTCGA TTTAAGTTTT ACATAATTTA AAAAAACAAG AATAAAATAA 
TAATATAGTA GGCAGCATAA GATGAGTGAA ACAGAATTGA GAAAAAGACA 
GGCCC AATTC ACTAGGGAGT TACATGGTGA TGATATTGGT AAAAAGACAG 
GTTTGAGTGC ATTGATGTCG AAGAACAACT CTGTrnAAaa GGAAGCCGTT 
CAGAAGTACT TGAGAAATTG GGATGGTAGA ACCGATAAAG ATGCCGAAGA 
ACGTCGTCTT GAGGATTATA ATGAAGCCAC ACATTCCTAC TATAACGTCG 
TTAC AGATTT CTATGAATAT GGTTGGGGTT CCTCTTTCCA TTTCAGCAGA 
TTTTATAAAG GTGAGAGTTT CGCTGCCTCG ATAGCAAGAC ATGAACATTA 
TTTAGCTTAC AAGGCTGGTA TTCAAAGAGG CGATTTAGTT CTCGACGTTG 
GTTGTGGTGT TGGGGGCCCA GCAAGAGAGA TTGCAAGATT TACCGGTTGT 
AACGTCATCG GTCTAAACAA TAACGATTAC CAAATTGCCA AGGCAAAATA 
TTACGCTAAA AAATACAATT TGAGTGACCA AATGGACTTT GTAAAGGGTG 
ATTTCATGAA AATGGATTTC GAAGAAAACA CTTTCGACAA AGTTTATCCA 
ATTGAGGCCA CATGTCACGC TCCAAAATTA GAAGGTGTAT ACAGCGAAAT 
CTACAAGGTT TTGAAACCGG GTGGTACCTT TGCTGTTTAC GAATGGGTAA 
TGACTGAIAA ATATGACGAA AACAATCCTG AACATAGAAA GATCGCTTAT 
GAAATTGAAC TAGGTGATGG TATCCCAAAG ATGTTCCATG TCGACGTGGC 
TAGGAAAGCA TTGAAGAACT GTGGTTTCGA AGTCCTCGTT AGCGAAGACC 
TGGCGGACAA TGATGATGAA ATCCCTTGGT ATTACCCAIT AACTGGTGAG 
TGGAAGTACG TTCAAAACTT AGCTAATTTG GCCACATTTT TCAGAACTTC 
rrACTTGGGT AGACAATTTA CTACAGCAAT GGTTACTGTA ATGGAAAAAT 
TAGGTCTAGC CCCAGAAGGT TCCAAGGAAG TTACTGCTGC TCTAGAAAAT 
GCTG CGGTT G GTTTAGTTGC CGGTGGTAAG TCCAAGTTAT TCACTCCAAT 
GATGCTTTTC GTCGCTAGGA AGCCAGAAAA CGCCGAAACC CCCTCCCAAA 
CTTCCCAAGA AGCAACTCAA TAAATTCACT AGATCAATAA GATTCAAATA 
AAGCSS^ TAIAIACCTA TTTTCCTATA TATGCAGATA AAAAGATAGC 
ACGTTCATTG CTAGCAGGCC 



FIG. 8 
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Utilizafale Sterols 
Nonutilizable Sterols 




FIG. 9 
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AGACTCTGGTTCTGACATGCAGCAATTATT 30 

GCAGGTGCATTTGATCCGTCCCGGCCGCCT 60 

ACACGAISTCCAAGTCGGGAGCGCTGGAT- 89 

MSKSGALD- 

CTTGCTTCTGGCCTCGGAGGGAAGATCAAC 119 
LAS GLGGK I N- 

AAGGTGGAAGTCAAGTCGGCCGTCGATGAG 14 9 
KVEVKSAVDE- 
TATGAGAAATATCATGGATACTATGGAGGG 17 9 
YEKYHGYYGG- 
AAGGAGGAAGCAAGGAAGTCCAACTATACT 209 
KEEARKSNYT- 
GATATGGTTAATAAATACTATGATCTTGCC 239 
DMVNKYYDLA- 
ACTAGCTTCTATGAGTATGGTTGGGGTGAA 2 69 
T SFYEYGWGF.- 
TCCTTCCACTTTGCTCACAGATGGAATGGA 2 99 

S F H F A H R W N G - 

GAATCCTTACGTGAAAGCATCAAGCGACAT 32 9 
ESLRESIKRH- 
GAGCATTTTCTTGCCCTGCAACTTGGTTTG 35 9 
EHFLALQLGL- 
AAACCAGGAATGAAGGTTTTAGATGTGGGC 38 9 
K P G M K V L D V G - 

TGTGGAATAGGTGGACCACTGAGAGAAATT 419 
Q G I G G P L R E I - 

GCAAGATTTAGCTCAACTTCAGTTACCGGA 44 9 
ARFSSTSVTG- 
TTGAATAACCACGAATACCAGATAACCAGG 47 9 
LNNHEYQITR- 
GGAAAGGAGCTCAACCGTTTAGCAGGAATT 509 
GKELNRLAGI- 



FIG. 10A 
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AGTGGAACATGTGATTTTGTCAAGGCGGAC 53 9 
SGTCDFVKAD- 
TTCATGAAGATGCCGTTCGATGACACACTT 569 

FMKMPFDD T L - 

TTGGATGCTGTTTACGCCATTGAGGCAACA 599 
L D A V Y A I E A T - 
TGTCATGCACCTGATCCAGTTGGTTGCTAC 62 9 
CHAPDPVGCY- 
AAGGAGATATATCGTGTGTTGAAGCCTGGC 65 9 
K E I y R V L K P G - 
CAGTGCTTTGCCGTGTACGAGTGGTGCGTT 68 9 
QCFAVYEWCV- 
ACGGATCACTATGATCCTAACAATGCAACC 719 
TDHYDPNNAT- 
CACAAAAGGATCAAGGATGAAATTGAGCTT 74 9 
HKRIKDEIEL- 
GGCAATGGCCTGCCAGATATCAGAAGCACT 77 9 
GNGLPDIRST- 
CCGCAATGTCTCCGGGCTCTAAAAGACGCC 80 9 
PQCLRALKDA- 
GGGTTTGACGTTGTTTGGGATAAGGATCTT 839 
GFDVVWDKDL- 
GCTGAAGATTCTCCCTTGCCTTGGTACTTG 86 9 
AEDSPLPWYL- 
CCCTTGGACTCCAGCCGATGCTCACTGAGT 899 
PLDSSRCSLS- 
AGCTTCCGTCGACCTCCTGTCGGGACGCAT 92 9 
SFRRPPVGTH- 
GATACCCGCACAATGGTCAAGGCCCTGGAG 959 
DTRTMVKALE- 
TACGTTGGTCTTGCTCCGCAGGGCAGTGAG 989 
YVGLAPQGSE- 



FIG. 10B 
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AGGTCTCTAGTTTTCCTGGAGAAGGCTGCA 1019 
RSLVFLEKAA- 

GAAGGGCTGGTAGAGGGCGGAAAGAAGGAG 104 9 
EGLVEGGKKE- 

ATCTTCACGCCAATGTACTTCTTTTTTGTT 107 9 
IFTPMYFFFV- 

CGGAAGCCTCTTCTGGAATGAGCTCTTGGA 1109 
R K P L L E * 

TCACCTTTTCAGAGAGAGAAGGCAAGTGGT 1139 

CATTTCGAAGAAGCCGAGGAGAGGGAACCT 1169 

GGAATCAAGAAAACCTTCAGCTCTCCTGTG 1199 

TAGGAGGAAAGTTAACGAACAGTGTAGTAA 122 9 

CTGTTCAGCTCTGTGTTTATTCAGTTGTTT 1259 

TGCTGCTTGAGGTTATTCGTTTCTAGGTGG 1289 

GGGTTGGAATCCTTTTCGCCATAAACCTCT 1319 

CAGTGGCATAAATAAGATGGTTTGCATAAG 134 9 

AGTACTTCATGGATACCGTAAGGGCTACTA 1379 

CTGAAAGAGAAATGTTTAAGCAGCATGGTA 1409 

TGTGAGCAANTAGTGATAATTATTCCATCC 1439 

TTTTTTTTAATATAAAGCAGGAGTTTTGTC 14 69 

AAAAAAAAAAAAAAAAAAAAAAAAAAAA 14 97 
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